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CHAPTER 1 
INTRODUCTION 
+ 
1.1 Mössbauer spectroscopy 
Mössbauer spectroscopy is concerned with the detection of nuclear 
absorption of resonant gamma-rays, usually emitted after a radioactive decay. 
In this process an unstable parent nucleus decays to an excited state of a 
daughter nucleus (for instance the decay of ^^Co to ^ 7Fe). After emission of 
gamma-rays the daughter nucleus attains its ground state. The energy of the 
gamma-radiation, E , is broadened into a Gaussian distribution by the thermal 
Doppler energy, E D, and shifted by the recoil energy, ER. For the most common 
isotope used in Mössbauer spectroscopy, 5 Fe , E amounts to 14.41 keV , 
while E D and E R are both of the order of 10~2 eV. The probability of nuclear 
resonance, i.e. emission and successive absorption of a gamma-photon by 
another identical isotope, is given by the overlap of the energy distributions 
of the emitted and absorbed gamma-radiation (figure 1.1). 
Sufficient overlap is only achieved in the solid state. In a crystal 
each nucleus is bound to the lattice. Firstly, the binding energy is much 
higher than the recoil energy, so that the crystal as a whole receives the 
recoil energy from an emitted or absorbed gamma-photon. Secondly, the 
vibrational energies are comparable to the recoil energy. It is therefore 
possible to transfer energy to the lattice by excitation of the absorbing 
nucleus to a higher vibrational mode with energy Ev. Nevertheless, there is 
a probability for absorption without transfer of energy to single nuclei in 
the lattice, if ER is less than E v (the same holds for the emission process). 
In this zero-phonon process Ep_ and EQ, which depend on the reciprocal mass, 
are negligible, as compared to the energy distribution, Γ
η
, derived with the 
Heisenberg uncertainty principle (Γ
η
 = 4.67 x 10 - 9 eV for 5 7 F e ) . Consequently 
Introductory textbooks on Mössbauer spectroscopy and its applications are 
references 1-5. 
The relevant properties of the 57Fe nucleus are given in table 1.1 ". 
The relations of all non S.I. units with the corresponding S.I. units are 
given in the Appendix. 
1 
dn 
η 
absorption 
Figure 1.1 The energy distributions of emitted and absorbed gamma-rays. 
The energies are shifted by the recoil energy, Е^
л
 and broadened 
by the thermal Doppler energy, Er>. The overlap is small in this 
case. 
Table 1.1 Properties of the 57Fe nucleus8. 
natural isotopie abundance 
gamma-ray energy 
natural linewidth (Γ ) 
о 
internal conversion coefficient (a) 
maximum resonance cross section (σ ) 
о 
nuclear quadrupole moment (Q ) 
gyromagnctic ratio (γ^Ο 
half life time of parent 57Co nucleus (t.) 
energy conversion 
2.14 % 
14.413 keV 
0.1940 mm/s 
8.2 
3.45 χ 10" '19 
0.21 χ IO"2" m2 
0.1188 nm/s/T 
-0.0679 mra/s/T 
270 days 
1 IM/S = 7.7019 « 10~27 J 
= 4.8077 « 10"θ eV 
the energy distributions of these recoilless gamma-photons, emitted and 
absorbed by identical nuclei, overlap, thus fulfilling the resonance 
condition. This is the Mössbauer effect. 
Thus a very high resolution of the order of 1 part in 1012 is obtained. 
The high monochromaticity of recoilless gamma-radiation provides the 
opportunity to observe small shifts and splittings in the nuclear energy 
levels, caused by hyperfine interactions, the weak interactions with the 
2 
chemical environment of the nucleus. In an actual Mossbauer spectroscopic 
experiment transition energies are measured with respect to the transition 
energy of the source nucleus. The resonance condition is obtained by moving 
the source. The energy of the emitted radiation received by the absorber, Ε , 
is shifted according to the Doppler effect: 
E' = E (1 + v/c) , (1.1) 
in which ν is the velocity of the source with respect to the absorber and с 
is the velocity of light. Consequently the energy unit in Mossbauer spectra 
is the Doppler velocity, v, corresponding with an energy shift vE /c, relative 
to E . Usually ν is of the order of a few mm/s. 
Ύ 
In a Mossbauer spectrum the number of gamma-photons, transmitted by the 
absorber, is recorded as a function of the Doppler velocity. Usually only the 
photons from the Mossbauer transition are counted, after being selected from 
the total gamma-spectrum of the source. The high resolution and the simple 
resonance technique make Mossbauer spectroscopy a very powerful tool in 
observing hyperfine effects. 
1.2 The electron spin 
The hyperfine interactions between a nucleus and its electron environment 
are generally represented by the three most important terms1*: 
X=XC+:KQ + \ ( 1 ' 2 ) 
JC describes the electric monopole interaction between the charge densities 
of the nucleus and the electrons. This interaction shifts the nuclear energy 
levels, without lifting the degeneracy. This effect introduces the isomer 
shift in Mossbauer spectra. The second term, Jf , is a result of the 
interaction of the nuclear electric quadrupole moment and the electric field 
gradient at the nucleus, induced by surrounding charges. This interaction 
lifts the degeneracy of nuclear levels partly. The splitting is called the 
quadrupole splitting. 3C, represents the magnetic dipole interaction of the 
nuclear magnetic moment with the effective magnetic field at the nucleus. 
This term splits the degenerate nuclear level with nuclear spin quantum 
number I, into 21 + 1 equally spaced levels. Mathematical formulae of the 
3 
hyperfine interactions, in terms of quantummechanical operators, are given 
in chapter 2. 
The effect of the electron spin on Mössbauer spectra is implied in the 
magnetic interaction, ЗС^  : 
t ' - ^ H f f • ( 1 · 3 ) 
where I is the vector representation of the nuclear spin operator and γ the 
nuclear gyromagnetic ratio. Equation (1.3) describes the interaction of the 
nuclear magnetic moment Y „hi with the effective magnetic field on the nucleus, 
В
 f f. In the absence of an external field, the effective field is given by 
the hyperfine field, В . This is a representation of the electron spin, 
which becomes clear if one uses the spin-hamiltonian formalism. The 
Hamiltonian describing the magnetic dipole interaction is in this case given 
by6: 
^ - Î . Â . Î • ( 1 · 4 ) 
where A is the hyperfine coupling tensor and S the effective electron spin. 
From equations (1.3) and (1.4) the following relation between B, and S is 
found: 
\ =-4 • 0-5) 
hyp γ
Ν
η 
The effective electron spin of electrons in an electronic state can be 
replaced by the expectation value in that state, < S >. States with unpaired 
electrons yield non-zero expectation values. If transitions between these 
electronic states in paramagnetic ions take place, the orientation of the 
electron spin changes in time and the hyperfine interaction is time-dependent. 
Usually such an electron spin relaxation process occurs between two levels 
with opposed electron spin quantum numbers, inducing a reorientation of the 
electron spin and the hyperfine field to the opposed direction. This is 
called a spin-flip process (figure 1.2). 
The shape of Mössbauer spectra in the presence of relaxation is 
determined by the frequency of the spin-flips, ω , the Larmor precession 
frequency, ω , and the nuclear lifetime of the excited state, τ . ω and τ 
both are related to the time the nucleus needs to 'measure' the hyperfine 
4 
— m, 
• + m s 
Figure 1.2 Representation of a spin-flip process. If an electron is excited 
from the \+m > to the \-m > level, the direction of the 
electron spin and the magnetic hyper fine field induced on the 
nucleus turn over an angle of π. 
Ια>-
spin-spin spin-Lattice 
Figure 1.2 Schematic representation of spin-spin and spin-lattice 
relaxation. 
field7. If ω > ω
τ
 or 1/τ < ω < ω the nucleus experiences the average br L N or L 
field, which is zero. If ω < ω the nucleus experiences both orientations 
br L 
of the hyperfine field, each resulting in a magnetically split spectral 
component. The two hyperfine split spectra coincide since both hyperfine 
fields are equal in magnitude. The intermediate case leads to complicated 
spectra, from which ω can be determined (chapters 2, 5 and 6). br 
The two common forms of electron spin relaxation are spin-lattice and 
spin-spin relaxation. In the former mechanism energy is transferred via 
lattice-phonons, in the latter relaxation takes place via mutual spin-flips 
(figure 1.3). Information about the relaxation process is generally obtained 
by studying relaxation times as a function of temperature, magnetic field or 
concentration. Such investigations also yield information about the electronic 
levels and even the small splittings (< 1 cm" ) of the levels involved in the 
relaxation process can be calculated (chapter 5). 
5 
In magnetic materials the electron spins order below a critical 
temperature, i.e. the probabilities to find an electron in either of the two 
states involved in the relaxation process are not equal. As a result the 
material has a net magnetization. When such a system reaches saturation 
magnetization, the probability for relaxation processes is automatically zero. 
In the magnetic phase the direction of the hyperfine field can be determined 
using external magnetic fields and measuring the corresponding change in the 
effective field (equation 1.3). Mössbauer spectroscopy on single crystals is 
often used to study these ordering processes2 (chapters 4 and 5). 
1.3 Experiments 
The experiments described in this thesis investigate the ordering and 
relaxation of the electron spin in compounds containing the Mössbauer 
isotopes "pe arid ^5^Eu. Experiments on these type of compounds require the 
possibilities of doing Mössbauer measurements in external fields and at low 
temperatures. Chapter 3 describes a Mössbauer spectrometer, suitable for 
experiments in magnetic fields up to 15 T, and a ^He cryostat insert for 
experiments at temperatures down to 0.4 K. 
The high field spectrometer is used in measurements on iron(II)iodide. 
The character of the several magnetic phases has been established and 
information has been obtained about the exchange interaction constants, which 
determine the complicated antiferromagnetic structure (chapter 4). 
Chapter 5 describes experiments, on hexakis(pyridine-N-oxide)iron(II)-
perchlorate, in which the He insert is used. This compound orders at 0.72 K, 
but exhibits slow electron spin relaxation slightly above the ordering 
temperature. Similar experiments have been performed on some iron(II)-
salicylaldimines, as is described in chapter 6. 
Finally in chapter 7 151Eu Mössbauer measurements on a series of 
Ce, Eu Al_ intermetallics are reported. The composition-dependence of the 
saturation magnetic hyperfine fields and the ordering temperatures, obtained 
from the spectra, are discussed. 
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CHAPTER 2 
SPECTRAL PARAMETERS 
This chapter deals with the hyperfine interaction parameters, that can 
be extracted from Mossbauer spectra. First the static hyperfine interactions 
and the line intensities are shortly reviewed and the last part describes 
the calculation of Mossbauer spectra in the presence of time-dependent 
hyperfine interactions, according to a stochastic model of Kubo- and 
Anderson , generalized by Blume3. 
2.1 The energies of nuclear levels in the presence of 
static hyperfine interactions 
Perturbations of the nuclear energy levels, due to interactions of the 
nucleus with its chemical environment make it possible to measure and 
determine solid state properties with the Mossbauer effect. Although the 
energy shifts and splittings are very small (10 to lO-^ eV), the high 
resolution Mossbauer resonance method is very useful (chapter 1). Mossbauer 
transitions take place between the nuclear ground state and an excited state. 
The energy levels of these states are affected by interactions with the 
nuclear environment, the hyperfine interactions. 
2.1.1 The isomer shift 
The electrostatic potential at the nucleus can be divided in a part 
originating from the electronic charge distribution inside the nucleus and 
a part due to external charges. The former gives rise to a shift of the 
nuclear energy levels, resulting in a shift of the energy of the resonance 
line, &, the chemical isomer shift. It reflects the Coulomb interaction 
between the nuclear charge, Ze, and the electron density on the nucleus, 
ε|ψ(0)|2. The radius of a nucleus in the excited state differs slightly from 
the radius in the ground state, and for this reason differences in the 
chemical surrounding of the nucleus can be detected as differences in the 
Mossbauer transition energy. The effect on the energy levels is shown in 
figure 2.1. From this level scheme it is clear that the chemical isomer 
shift is measured with respect to the source material: 
8 
δ = 2/5πΖε 2№ 2 - R 2) [ U (0) Ι 2 
e g ' a ' ks(o) (2.1) 
R and R are the radii of the nucleus in the excited and ground state and 
e g 
the subscripts a and s refer to absorber and source, respectively. It is 
customary to report the chemical isomer shifts with respect to a standard 
(in this thesis α-Fe is used for 5 7Fe measurements and SÏÏ1F3 for 151Eu 
measurements). The relations between several common sources and absorbers 
are given by Gettys and Stevens . 
JT. 
source 
_/ 1 
JT. 
absorber 
i--Es-
Figure 2.1 The isomer shift. The energy levels of a source and an absorber 
nucleus are both shifted with respect to the free atom. The 
isomer shift is given by the difference in Mössbauer 
transition energies. 
Only s-electrons have charge density at the nucleus and consequently 
they are the only contribution to |ψ(0)]2. The chemical isomer shift thus 
provides information about the s-electron density, although other electrons 
influence it through screening and expanding s-electron orbitals. 
The isomer shift, IS, observed in Mössbauer spectra also contains a 
second contribution in addition to the chemical isomer shift caused by 
vibrations of the atoms in the lattice. The relativistic frequency, f, of 
the gamma-photon recorded at the absorbing nucleus is: 
9 
f = f (1 - - cosa)(l - — ) ~ * , (2.2) 
О С 7 
C¿ 
in which f is the frequency for a stationary nucleus and ν is the velocity 
of the emitting nucleus, relative to the absorbing nucleus, making an angle 
α with the direction of the gamma-ray. For vibrations the term linear in ν 
vanishes, yielding: 
< v
2
 > 
f = £ (1 + — ) , (2.3) 
0
 2c2 
for ν < c. The resulting shift in the Messbauer transition energy is 
- < ν >/2c2, and consequently the spectral lines shift to lower velocities. 
This effect is increased at higher temperatures, since < v 2 > increases with 
rise in temperature. However, this so called second order Doppler shift is 
small and of comparable size for similar compounds, and is therefore often 
not considered. 
2.1.2 The quadrupole splitting 
The electrostatic potential, V, due to external charges around the 
nucleus, gives rise to the electric quadrupole interaction. The Hamiltonian 
for this interaction, evaluated in the principal axis system in terms of the 
z-component of the nuclear spin operator, I , and the step operators I and 
I , is: 
eQV 
\ = 41(21% [ 3 Îz - I ( I + 1> + MÎJ-Î!) I - (2.4) 
I is the nuclear spin quantum number and Q the nuclear quadrupole moment 
(tables 1.1 and 3.2). V is one of the elements, V , of the traceless 
zz pq 
electric field gradient tensor (EFG), derived from the potential V: 
Э 
pq dpdq v
-~
 =
 3ÏÏÏF ' p'q = x'y'z · ( 2 · 5 ) 
The other diagonal elements of this tensor are expressed in terms of the 
asymmetry parameter, η, which is zero for axial symmetry: 
10 
(ν ν )/ν 
yy ζζ 
(2.6) 
The z-axis is the principal axis and І |>|V |>|v I. 
1 f I
 z z
l I yyl ι
 χ χ
ι 
The interaction JC lifts the degeneracy of the nuclear levels with 
I > 1/2 and in the absence of magnetic interactions the energies of a state 
with nuclear spin quantum number I can be obtained by solving a set of 
secular equations. The exact solution for I = 3/2 is: 
eQV 
E = E
o
 +
 4I(2IZ-Z1) [ 3 ш І - I ( I + l ) ] ( 1 + η 2 / 3 ) « 
m T = -I, -1+1,..,1. 
(2.7) 
The nuclear energy levels are shown in figure 2.2 both for 5 7Fe and 1 5 1Eu, 
assuming η = 0. The corresponding eigenfunctions remain unchanged in this 
case. 
57 Fe 
,e 
1 =3/2 
q 
I =1/2 
Ϊ3/2 
- i l / 2 
i1/2 
151 Eu 
£7/2 
Figure 2.2 The quadrupole splitting. The energy levels of the ground and 
excited states of 57Fe and 1 5 1£u in the presence of electric 
quadrupole interaction. The allowed transitions for η = 0 are 
indicated, together with the schematic spectrum (relative 
intensities for powder samples). 
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The electric field gradient on the nucleus consists of two contributions, 
viz. a lattice contribution due to the charge distribution of surrounding 
ligands and a valence contribution due to the valence electrons of the atom. 
For the main tensor element ,V : 
V = (1 - γ )V l a t + (1 - R)V v a l . (2.8) 
zz » zz zz 
R and γ are the Sternheimer shielding factors, expressing the contributions 
to the EFG by polarization of full inner electron shells by charges on the 
surrounding ligands . Both terms in equation (2.8) are inversely 
proportional to the cube of the distance between the nucleus and the 
electric charges, and the lattice term is therefore often negligible. 
The first order contribution of unpaired valence electrons to the EFG 
tensor elements can be calculated. In a point charge model the elements V 
pq 
are given by: 
val val -e < ψ ί 13Ρ^ " "^РЧІ*. >/ r 5 
V V a l = Z(V V a l). = τ*- Σ ^ , -, ^ * , 
pq pq ι 4πε . < ψ. ψ. > 
p,q = χ.у,ζ . (2.9) 
Equation (2.9) represents the sum of contributions of orthonormal one-
electron orbital states |ψ·>· V does not depend on the spin part of |ψ. > 
1
 ι pq r r r i'j 
and the orbital part, |ψ. >', can be written as a product of a radial part, 
R(r), and a spherical harmonic, Y (Q,i/>): 
lm 
|ψ. >' = R(r) Υ1π,(θ,ν?) (2.10) 
1
 ι lm 
Writing the operator of equation (2.9) in the polar coordinates r, θ and φ, 
val 
the contribution of a valence electron to the diagonal tensor elements V 
PP 
can be expressed as a product of a radial and an angular part: 
(vV
nb,· = T=f-< r"3 >< 0 Θ'*)Ι 3 cos2e - 1 i Y 1
i
m
( e
> ^
) >
 . 
pp ι 4πε lm ' ρ lm * 
ρ = x,У,ζ , (2.11) 
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where cos9 is the direction cosine of r. The values of the angular parts for 
Ρ 
ρ- and d-orbitals are tabulated in table 2.1. S-electrons are spherically 
symmetric and do not contribute to equation (2.11). The contributions of 
4f-electrons are usually small, since the 4f-orbitals extend in eight 
directions, and have approximately spherical symmetry. In europium compounds 
they do not contribute at all8. The expectation value < r - 3 > is determined 
by the radial part of |ψ. >. 
Table 2.1 The magnitude of the diagonal tensor elements V (p = x,y,z) 
for p- and d-orbitals, in units of e < r - 3 >. 
orbital 
P
z 
p
x 
py 
d
x
2 . y 2 
d
z
2 
d 
xy 
d 
xz 
d 
У* 
V 
zz 
- ь 
2/s 
2/5 
v 7 
-v7 
V, 
-
2 / 7 
-
2h 
V 
XX 
2/5 
-
4 / 5 
2/5 
-
2/7 
2/7 
-
2/7 
-
2/7 
v7 
V 
УУ 
2/s 
2/5 
-'-'ь 
-
2h 
7h 
-
2/7 
v 7 
-
2/7 
Since the valence contribution is the most important term in equation 
(2.8), the orbital occupation of the involved transition metal ion can often 
be derived qualitatively from the quadrupole coupling data obtained from 
Mössbauer spectra. 
2.1.3 Magnetic spi itti ng 
The magnetic interaction is briefly introduced in chapter 1 and given by 
equation (1.3). This Zeeman interaction splits the nuclear energy levels in 
21 + 1 states, given by: 
E = - YNhBeffraI , т
х
 = -I, -1+1 I , (2.12) 
in which m is the nuclear magnetic quantum number (the eigenvalue of the I 
1 2 
operator), and В
 f f is the magnitude of the effective field at the nucleus. 
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The nuclear energy level scheme is shown in figure 2.3, both for 57Fe and 
^Eu. The degeneracy of the Mossbauer nuclear levels is removed totally. 
57 Fe 151 Eu 
Figure 2.3 The magnetic splitting of the nuclear levels of ^7Fe and 151£и. 
Also indicated are the allowed transitions and schematic 
magnetic spectra (relative intensities for powder spectra). 
The effective field in non-metals generally consists of three 
contributions : 
В „ = В,, + Β , + В, . 
eff Fe orb dip (2.13) 
These three terms, the Fermi contact term, the orbital term and the dipolar 
term, respectively, form the intrinsic magnetic field. If an external 
magnetic field, Β , is applied, it adds up to the intrinsic field. 
The Fermi contact terra arises from unpaired s-electrons and polarization 
of closed shell s-electrons by unpaired valence electrons, yielding an 
imbalance in the spin density at the nucleus of "spin up" (|ψ*(0)|2) and 
"spin down" (|ψι(0)|2) electrons: 
14 
2μ 
B F c = -γ- u B (Ιψ^Ο)!
2
 - |ψ
;
(0)|2) = -B
c
 < S > , (2.14) 
in which μ is the permeability of vacuum and μ the Bohr magneton. В is 
О Б С 
negative, so that В is directed parallel to the electron spin for high 
spin Fe(II) compounds. 
The second contribution to the internal field is the magnetic field due 
to the orbital angular momentum, < L >: 
~μ 
Β , = - ^ μ„ < г"3 > < L > = -В
т
 < L > (2.15) 
orb 2π В L 
В is positive and the orbital magnetic field contribution is antiparallel to 
the orbital angular momentum for high spin Fe(II) compounds. 
The third contribution arises from the dipolar interaction of the 
nuclear and the atomic magnetic moments: 
І . - ^ ° » Σ (V V a l, V V a \ V V a l ) < S > = 
dip e В xq yq zq q 
= B
n
 Σ (V V a l, V V a l, V V a l ) < S > (2.16) 
D
 q=x,y,z ** ™ Z4 Ч 
val . 
In this equation the tensor elements, V , with ρ = χ,y,ζ, given by 
pq 
equations (2.9) to (2.11), represent vector components. 
The effective field can be calculated using the constants B„, В and B_ 
from equations (2.14) to (2.16) together with the expectation values of L 
and S, calculated from the electronic energy level scheme. A computer 
programme, simulating Mossbauer spectra of high spin Fe(II) compounds, using 
equations (2.13) to (2.16) has been made', and is used in chapter 6. The 
constants Β , В , and В are calculated from the free ion constants, reduced 
by a covalency factor, following the calculations of Freeman and Watson^. 
Sampers, J., unpublished, available on request. 
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In metallic systems the last two contributions to the effective magnetic 
field in equation (2.13) are usually replaced by contributions due to 
conduction electron polarization by the ion itself and by neighbouring 
magnetic ions10. Chapter 7 contains detailed information on this subject. 
2.1.4 Nuclear level splitting due to combined hyperfine interactions 
The electric monopole interaction merely shifts the nuclear energy 
levels, without mixing the nuclear wave functions. However, the electric 
quadrupole and the magnetic dipole interactions are direction-dependent, and 
generally the principal axis of the EFG and the magnetic axis do not coincide. 
Methods of computing the resulting complicated spectra, in the presence of 
both the latter two hyperfine interactions, have been described by several 
authors11-11*. 
In some cases the values of the Mössbauer transition energies can be 
obtained in a relatively simple way. If both interactions differ considerably 
in magnitude, the smallest is treated as a perturbation. If for instance 
eQV ^ Ύ
Μ
η
Β
 f f> t
n e
 quadrupole interaction is treated as a first order 
¿* ¿* IN cil 
perturbation and the energy levels of a nuclear state with spin quantum 
number I = 3/2 are given by: 
ι l.i eQV 
E = - YjjhBgfjnij + ( — 1 ) ' m I l ì —~ (3 cos2e-l + n2sin29cos2v>) , 
nij. = -1,-1+1 ,1 . (2.17) 
θ and φ denote polar angles describing the orientation of the principle axis 
of the EFG with respect to the magnetic axis. For I is 3/2 the energy levels 
can be calculated exactly, also when the hyperfine interactions are of 
comparable magnitude, provided the principle axis of the EFG and the magnetic 
axis coincide. The four energies of the I = 3/2 level are then given by1^: 
eQV 4γ li Β ,,
 2 , 
χ
 ζζ 
eQV 4γ flB ,,
 2 ι 
^ - - i ^ B ^ t - ^ K . - - ^ ^ ^ ^ , * . (2-18) 
^ ζζ 
In the case of axial symmetry equation (2.18) reduces to the sum of the 
energy level splittings of the separate hyperfine interactions, obtained in 
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equations (2.7) and (2.12) (figure 2.4). This is valid for the interpretation 
of Mossbauer spectra of iron(II)iodide and hexakis(pyridine-N-oxide)iron(II)-
perchlorate, treated in chapters 4 and 5, respectively. 
,e 
I =3/2. 
ÚV2 
К 
-3/2 
-1/2 
1/2 
3/2 
1/2 
-1/2 
H M
+ H 0 
Figure 2.4 The nuclear energy levels of 57Fe in the presence of combined 
electric quadrupole and magnetic dipole interactionsy together 
with the schematic Mossbauer spectrum (relative intensities 
for powder samples, for the case where mT is a good quantum 
number). 
2.2 Line intensities 
The energy distribution of Mossbauer radiation absorbed by a nucleus is 
derived from the Heisenberg uncertainty relation for the energy, yielding a 
Lorentzian distribution16: 
Γ
2 
KE) - -f |< g|M|e >!2 
(Ε-E +E ) 2 + (Γ /2) 2 
e g о 
(2.19) 
where Г is twice the natural linewidth Г . This equation is the result of 
ο η
 n 
the convolution of the Lorentzian distributions of emitted and absorbed 
radiation between the groundstate |g > and the excited state |e >. The 
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relative intensities of the spectral lines stem from the matrix elements 
< g|M|e > in which M is the multipole operator (sections 2.2.2 and 2.3). 
The absolute intensity is further determined by the nuclear absorption 
cross section, σ , which is a nuclear constant, the recoilless fraction, f, 
treated in the next section 2.2.1, and the sample thickness, t , treated in 
section 2.2.3. 
2.2.1 The Mossbauer fraction 
The Mossbauer or recoilless fraction, f, introduced in chapter 1, is 
exponentially related to the percentage absorption, and isotropic variations 
in f affect all lines in an identical way. The factor depends on the 
vibrational properties of the involved nucleus in the lattice. If the 
amplitudes of the vibrational modes are small compared to the wavelength, λ, 
of the photon involved in the Mossbauer transition and if it is assumed that 
the nuclei are bound by harmonic forces, f can be expressed as: 
f = e _ < χ 2 ^ * 2 , λ = E /he (2.20) 
The mean square vibrational amplitude < x 2 > can be written in terms of a 
continuous phonon frequency distribution. Two frequency distribution models 
are generally used17: 
a. The Einstein model. 
All atoms vibrate with a characteristic frequency ω , consequently 
the frequency distribution is a delta-function. In this model the 
following expression of f is obtained for the isotropic case: 
f (Τ) = exp [— - ( - + 1) ] , (2.21) 
2m*2 к
 Е
 ехр(
 Е
/Т)-1 
where θ = Ьш /к is the Einstein temperature. 
E h 
b. The Debije model. 
In this model the frequency distribution is quadratic in the frequency 
up to a maximum frequency ω , yielding for f in the isotropic case: 
2 2 V T 
f (Τ) = exp [ — 5_ (i
 +
 4 ІІ ƒ _îdx_) ]
 f ( 2. 2 2) 
2mA2 2к
 0 Θ
2
 o e -1 
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where θ = hu /к is the Debije temperature. The Mössbauer fractions 
of most Mössbauer isotopes, calculated with the Debije model for a 
set of Debije temperatures, are given by Calis and Baker*". 
2.2.2 Relative intensities 
Contrary to the difficult evaluation of absolute intensities, the 
relative intensities of Mössbauer resonance lines can be obtained directly 
from fitting procedures. They often provide additional information about the 
orientation of the quantization axes of the hyperfine operators with respect 
to the source-absorber axis. The relative intensities of the several 
Mössbauer transitions between the sublevéis of the excited state |e > and 
the ground state |g > are determined by the coupling term of the two 
nuclear angular momentum states |< g]ñ|e >| 2 (equation (2.19)), which 
contain the eigenvectors, C, of the involved sublevéis: 
I = £ Σ Σ Σ CÊ Cg, Ce Ce. χ g-»e , . m m m m 
m m m m g g e e g g e e Б 
< le,m
e
,L,m|lg,m > < Ie,n/,L,m'| Ig,m' > χ F£™' (θ ,φ) 
m = m -m , m' = m'-m' (2.23) 
g e g e 
The first part of this equation represents the eigenvectors, the second part 
the factor describing the coupling term for the pure eigenstates, consisting 
of a constant part given by the Clebsch-Gordan coefficients and an angular-
dependent part, both determined by the multipolarity of the transition, L 1 9. 
The Mössbauer transitions in 5 Fe and 151Eu are both magnetic dipole 
transitions with L = 1. If one of the states, involved in the transition 
can be described by pure m quantum numbers, the only terms that remain are 
terms with m = m' and m = m'. Moreover, the angular factor, F, is only g g e e ь ' 
θ-dependent in this case: 
ι « Σ Σ |cg Ι 2 χ |ce I 2 x g-*e ' m ' ' m 
° m m g e g e 6 
< I e ,m , l , m | l e , m > 2 x F ¡ m ( 9 ) , m = m - m . (2.24) 
e g lm g e 
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The square Clebsch-Gordan coefficients of the 1/2 •* 3/2 transition and the 
angular factors with L = I are given in table 2.2alc'. The corresponding 
constants for the 5/2 ~* 111 transition of 1 5 1Eu are tabulated in 
table 2.2b15. 
Table 2.2 a. Normalized square Clebsoh-Gordan coefficients, 
nlm, 
< Ie,m ,l,m\l^,m >2, and nornalized angular factors F? (Θ) 
for the 1/2 •* 6/2 transition in 57Fe (Ie = 3/2, I9 = 1/2, 
m -m )15. 
9 e 
b. Normalized square Clebsch-Gordan coefficients, 
< Г ,m ,l,m\lr,m >2, and normalized angular factors F1 (B) 
for the 5/2 •* 7/2 transition in 15ïEu (Ie = 7/2, Г3 - S/2, 
m = m -m ) . 
9 e 
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2.2.3 Miscellaneous effects 
For infinitely thin absorbers the peak intensities reflect the relative 
intensities given by equations (2.23) and (2.24). The finite absorber 
thickness is demonstrated by saturation effects, implying an increase of the 
linewidths with the relative peak intensity. For thick absorbers the 
resonance lines can no longer be fitted with Lorentzian lines. However, 
saturation effects are included in the transmission integral method, described 
by Cranshaw" » . A computer programme with this method of evaluation of 
Mössbauer spectra is used in chapter 7. It is based on a programme of Lin 
and Preston22. The additional parameter in this procedure is the effective 
thickness, t , defined as: 
a' 
t = f σ t , (2.25) 
а а о о 
in which f is the recoilless fraction of the absorber and t the number of 
а о 
resonant nuclei per unit area. It is generally not necessary to use the 
transmission integral method for t < 2. 0
 a 
Another factor that affects relative peak intensities is the polarization 
of gamma-rays, progressing through the absorber. Spiering et al. have 
presented a method to account for these polarization effects, which are 
thickness-dependent, both for powder absorbers23 and single crystals21*. 
Additional effects on the line intensities can be caused by texture 
(preferred orientation of microcrystallites in a powder sample) or the 
Goldanskii-Karyagin effect25 (anisotropy of the recoilless fraction). 
2.3 Time-dependent h y p e r f i n e i n t e r a c t i o n s 
2.3.1 Theory 
The general expression for the area of recoilless absorption, 1(E), of 
Mössbauer radiation by a nucleus with ground state |g > and excited state 
|e > is given by equation (2.19). The calculation of this equation in the 
presence of a static Hamiltonian, JC, only uses the expression (2.23) and a 
Lorentzian distribution function. However, in the presence of time-dependent 
hyperfine interactions the Lorentzian distribution is affected and it is not 
possible to calculate (2.19) by separation of the energy distribution 
21 
function and the relative intensities of spectral lines. In this case the 
lineshape, 1(E), can be calculated using time-dependent perturbation theory, 
giving reasonable results only for small perturbations" . A more general 
method, developed by Blume et al. · > " uses a set of static nuclear 
Hamiltonians. The time-dependency is introduced via stochastic functions, 
describing a process, in which the system is allowed to jump stochastically 
from one static Hamiltonian to the other. In the calculation of relaxation 
spectra in chapters 4, 5 and 6 the second type of formulation has been used, 
which is worked out in this section. 
The time-dependent Hamiltonian, 3C(t), is written as the sum of products 
of a static Hamiltonian 3C. and a function F.(t), constructed from a 
ι ι ' 
combination of Markoffian functions f(t): 
K(t) = Σ 3CiFi(f(t)) . (2.26) 
i 
Generally the function f(t) can take on its values with different 
probabilities. Examples of the construction of time-dependent Hamiltonians 
are given in references 3 and 31. In the evaluation of the lineshape 
equation (2.19) is written as the Laplace transformed multipole correlation 
function, in order to introduce Jf explicitly : 
1(E) « Σ Re ƒ exp(iE - Γ/2) t < m IM1" Im > χ 
g e 
m m о 
g e 
< m ]exp(-i3Ct)M exp(iJCt)|m >dt , (2.27) 
where |g > and |e > have been replaced by a summation over the complete sets 
of angular momentum eigenstates |m > and |m > and M is the Hermitian 
conjugate of M. The time-dependency of К is introduced by writing 
t 
JC= ƒ X (t')dt' 
о 
and taking the stochastic average of the time-dependent second term of 
equation (2.27) : 
CD 
1(E) « Σ Re ƒ exp(iE - Γ/2) t < m li? Im > x g e 
m m о ° 
R e 6
 t t 
(< m |exp(-i ƒ К (t')dt*)M exp(i ƒ X (t')dt')|m >) dt . 
e ' ' g av 
(2.28) 
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For further evaluation of this expression the Liouville operator 
formalism is used. The four-index matrix elements of the Liouville operator 
A , connected to an ordinary operator A are given by: 
< ab|ÂX|a'b' > = Э.. , < alÂja' > - Э ,<b|Â|b' > . (2.29) 1 1
 ьь ' aa ' ' 
Two of the principal properties of A are the equations: 
A B = A B - B A , < a | A B | b > = 5. < a b | A | a ' b ' > < а ' | в | Ь ' > , 
a ' b ' 
and < 2 - 3 0 a ) 
e
A
 B e " A = e A Β , ( 2 . 3 0 b ) 
for any operator B. With equations (2.30a) and (2.30b) expression (2.28) 
can be rewritten: 
1(E) * Σ Re ƒ exp(iE - T/2)t < m |м' |m > <m' |м|т' > x 
m m о g e e g 
g e 
т*т' 
g e 
(< m m |u(t) Im'rn' >) dt , (2.31) 
e g' ' g e av 
t 
where U(t) = exp(i ƒ 3t (t')dt', which after insertion of equation (2.26) 
obeys the integral equation31: 
t 
U(t) = 1 + i ƒ U(t') Σ XX. F.(f(t'))dt' . (2.32) 
o i 
The restricted average of U(t), (a|u(t)|b), only includes the stochastic 
functions f(t), having f(0) = a and f(t) = b, where a and b are the two 
possible values of f(t). The full average is obtained by averaging over all 
initial states a, with probability p(a) and summing over the final states b: 
(U(t)) = Σ p(a) (a|U(t)|b) . (2.33) 
a v
 ab 
Using equation (2.32), the restricted average for a Markoffian process can 
be written as: 
23 
t 
(a|u(t)|b) = (a|P(t)|b) + i Σ ƒ (a|U(t')|c) χ 
cd о 
ΣΚ? (c|Fi|d)(d[P(t-t')|b) , (2.34) 
i 
where (a|P(t-t')|b) gives the probability that f(t) = b, when f(t') = a. The 
functions F.(x) have been expressed in terms of a matrix which only has 
diagonal matrix elements (x]F.|x). For convenience (2.34) is written as a 
matrix equation: 
t 
U(t) = P(t) + i ƒ U(t') Σ Κ * F¿ P(t-t')dt' . (2.35) 
o i 
This integral equation is solved taking the Laplace transform of U(t), 
CO 
UL(x) = ƒ cxp(-xt) U(t)dt: 
о 
üL(x) = PL(x) [ 1 - i Σ Ä-^ F ^ O O Г 1 , (2.36) 
i 
where ΐ denotes the unit matrix. The relaxation process is given by the 
matrix elements (a|p(t)|b), which is by definition the probability that 
f(t) = b when f(0) = a. Writing the matrix P(t) as exp(Wt), defines W as a 
stochastic matrix of which the elements (a|w|b) represent the probability 
per unit of time, that the value of f(t) jumps from a to b. Applying the 
definition of the Laplace transform to P(t) yields: 
PL(x) = Ы - W J"
1
 . (2.37) 
After substitution of (2.37) in (2.36), using (2.33), and application of the 
definition of the Laplace transform U (x), with χ 
(2.31) the lineshape function is finally obtained: 
= Γ/2 - iE, on equation 
1(E) <* Σ Re < m' ІМІт1 > < m li? Im > 
g e 
m*m* 
g e 
Σ ρ (a) < т
о
т
с т
а | [ ІЕІ - ^Ц - W - i O Í F. ] Ч т > 1 ь > · 
( 2 . 3 8 ) 
ab e g 2 , ι ι ' e g 
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The first part of equation (2.38) is expressed in terms of Clebsch-Gordan 
coefficients and angular factors (section 2.2.2). The second part is the 
Liouville matrix. The lincshape for the total spectrum, 1(E), is obtained by 
the calculation of the eigenvectors and eigenvalues of this matrix. 
2.3.2 Application to spectra of Fe(II) compounds 
In the simulation of relaxation spectra in chapters 4, 5 and 6 a 
computer programme has been used, that calculates 1(E) via equation (2.38). 
The static spectra, treated in these chapters can be calculated with the 
static Hamiltonian JT = JC + JC discussed in section 2.1. For the calculation 
of relaxation spectra the time-dependent Hamiltonian, ?C(t) = F (t)JC + 
F (t)JC, has been used. Since we deal with electron spin relaxation only, we 
define F = 1. F is allowed to jump from -1 to +1. In all calculations the 
z-axis has been taken as the quantization axis, oriented in the direction of 
the effective magnetic field. The relaxation process in which the effective 
electron spin jumps from the negative to the positive value of < S > can 
now be described with the magnetic interaction term: 
*^М -
 f
 *N h Beff Κ · ( 2 · 3 9 ) 
where f = ± 1. For powder spectra this equation is still a good approximation, 
if they are measured in external fields, which are small compared to the 
internal magnetic field. Equation (2.39) has been used for the simulated 
spectra of the compounds in chapter 5, where the magnetic axis and the 
principal EFG axis coincide, and in chapter 6, where they do not, allowing 
eight possible transitions. In chapter A spectra have been simulated of a 
single crystal of Fel 2 in an external magnetic field directed in the 
z-direction, allowing the effective field to jump between the values B. and 
Bp, oriented antiparallel and parallel to the external field, respectively. 
In this case we constructed the following magnetic interaction term: 
FM ( t ) 3Sl = ΎΝ h *z [ f BA + °"f)BP ] ' ( 2· 4 0> 
again with f = ± 1. An important property of the computer programme has also 
been used, viz. the possibility to attribute different probabilities to the 
possible values of f. The physical meaning of a higher probability for one 
25 
of the f values becomes clear for ordered systems. Here the probability of 
transitions between two energy levels, associated with changes in f, 
decreases by a higher occupation of the lower level. 
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CHAPTER 3 
APPARATUS AND EXPERIMENTAL TECHNIQUES 
3.1 A high magnetic field spectrometer 
3.1.1 Introduction 
External magnetic fields are often used in Mössbauer spectroscopy. The 
degeneracy of the nuclear spin levels is removed by external fields, while 
also the electronic spin states are affected. 
The effect of magnetic fields on the nuclear spin levels appears in a 
direct way in Mössbauer spectra and is often used to reveal the sign of the 
nuclear quadrupole coupling constant. For most iron compounds, fields of 
1-6 Τ are sufficient for this purpose . Mössbauer experiments on some 
other isotopes, like ^5^Eu, ^1, or 9Sn require the same field range, 
while measurements on others, like 'Au and ° Ni, require much higher fields. 
The effect on the electronic states has been studied widely. External 
fields reveal the electronic spin direction in ordered systems. In higher 
fields the spectra sometimes change drastically from the zero field case. 
Several studies report on the interactions of ions in layered and low-
dimensional compounds, based on experiments in various magnetic fields 
(chapter 4). In some cases external fields are used to examine electron 
spin relaxation. External fields change the probability of transitions 
between the lowest occupied electronic states, and are therefore often used 
in relaxation experiments. High fields and low temperatures are sometimes 
required to study fast and slow relaxation limits (chapters 5 and 6). Further 
specific applications of high field Mössbauer spectroscopy are described and 
discussed by Chappert et al. and Massenet et al.5. 
The technology of superconducting magnets is greatly improving, and 
fields of 10-13 Τ are commonly available6. However, experiments performed at 
temperatures above 100 К still require the use of water cooled Bitter magnets, 
which have a relatively wide bore (40-60 mm). The main disadvantages of these 
magnets are the high costs of the power supply and the mechanical vibrations 
caused by the flow of the cooling water. 
This part of the chapter deals with the experimental setup of a 
Mössbauer spectrometer in a Bitter magnet of the High Magnetic Field 
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Laboratory of Nijmegen. Compared to conventional spectrometers the main 
problems that arise are mechanical vibrations and the influence of large 
magnetic fields on the detection of gamma-rays, the velocity of the moving 
source and the source emission spectrum. Chapter 4 describes an application 
of this technique in the determination of the magnetic phase diagram of 
iron(II)iodide. 
3.1.2 The magnet and spectrometer 
The Bitter magnet, used for the MÖssbauer experiments has been 
manufactured by Oxford Instruments (Oxford I). The specifications are given 
in table 3.1. A typical field profile, available in the laboratory, is given 
maximum field 
maximur current 
пах imun power 
flow of cooling water 
field homogeneity 
bore diameter 
14.5 Τ 
20 kA 
5 MW 
250 m 3/h 
ΙΟ
-1
* /cm 
60 mm 
Table 3.1 Characteristics of the 
Oxford I Bitter magnet. 
+5 +10 
distance from center (cm) 
Figure 3.1 Field profile of the Oxford I Bitter magnet. The 
maximum field of 14.4 Τ ie obtained 2.6 cm above 
the center of the magnet. Within a sphere of 1 am 
around the center of the magnet the field changes 
less than 0.5%. 
Oxford Instruments Company Limited, Osney Mead 0X2 ODX, U.K. 
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in figure 3.1. The stability of the field in the center of the magnet is 
better than 0.1%. The magnet with spectrometer is depicted schematically in 
figure 3.2. The magnetic field is directed along the vertical source-
absorber axis. The fringe field is a few hundred Gauss at one meter from the 
center of the magnet. 
Figure 3.2 Schematic diagram of the Oxford I Bitter magnet with the 
Mössbauer spectrometer. 1-Velocity measurement with a 
Miohelson interferometer. '¿-Transducer. 3-Support, four 
inner tubes. 4-Supportj rubber foam. b-Source. 6-Absorber. 
7-Detector, proportional counter. The magnet is mounted 
on the floor via the tubes used for flowing cooling water. 
Two unique features of this arrangement are the short distance between 
source and detector (ca. 5 cm) and the construction of the cryostat support. 
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The cryostat can be leveled by varying the pressure in the four inner tubes, 
while the position in the horizontal plane is adjusted with four setscrews, 
thus moving support and cryostat. Vibrations of the cryostat are avoided by 
enlarging the mass, i.e. the upper aluminium plate of the support is attached 
to the top flange of the cryostat. The need of the support is demonstrated by 
the spectrum of K^FeCOOg.3H20, displayed in figure 3.3. The support is not 
Figure 3.3 Mössbauer spectrum of powdered КцЕе(СИ) .ЗН20 in zero esternal 
field, recorded in the high magnetic field spectrometer without 
the support, with flowing cooling water. The broadening due to 
vibrations of the magnet is evident (1.8 mm/s compared to 0.4 
mm/s without flowing cooling water). 
used and the linewidth is broadened to 1.8 mm/s, due to vibrations of the 
magnet. Figure 3.4 shows two spectra of an α-Fe foil, recorded with and 
without flowing cooling water using the support, thus avoiding transmission 
of mechanical vibrations. There is no detectable linebroadening in these 
spectra. However, at magnetic fields higher than 7 Τ high frequency noise on 
the drive signal was observed and the recorded spectra showed considerable 
linebroadening. This effect was probably due to inductive coupling of the 
vibrating magnet with the cryostat tail. The outer diameter of the cryostat 
tail appeared to be rather important. Some experiments on Fel2 (chapter 4) 
have been performed in a modified cryostat with a tail of 52 mm outer 
diameter (58 mm previously). The linewidths measured at the highest fields 
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Figure 3.4 Mössbauer spectra of a 0.09 mm thick iron foil in zero external 
field, recorded in the experimental arrangement of figure 3. 2> 
with and without flowing cooling water. There is no detectable 
linebroadening in zero field, caused by mechanical vibrations. 
were 20% lower in these measurements.compared to the previous arrangement. 
The remaining broadening is caused by the source (section 3.1.5). In 
order to demonstrate this, some 1 2 9i Mössbauer experiments have been done in 
the modified cryostat. Figure 3.5 shows two spectra of a Cui absorber 
recorded at zero field and 14 T, respectively. Source and absorber are both 
diamagnetic. The spectrum at 14 Τ consists of 72 lines, due to the split 
source spectrum. Both spectra are fitted with the transmission integral 
method, with equal values for the effective thickness, for the source 
linewidth and for the absorber linewidth . These measurements clearly show, 
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Figure 3.5 1 29j Mössbauer specvra of Cui at zero field and 14 T, 
respectively (m). Both spectra are fitted with the 
transmission integral method, in which the source and 
the absorber linewidth are fitted separately (® ) . 
For these fits we used equal values for t„, 
Γ and Γ , , , yielding: Γ =0.29 mm/s 
source absoroer - source 
and Γ , , -0.67 mm/s. 
absoroer 
that vibrations of the magnet do not affect the spectrum in this setup. 
3.1.3 Detection of gamma-quanta 
The transmitted gamma-quanta are detected with an endwindow type 
proportional counter (32 mm diameter), placed at about 5 cm from the 
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absorber, in the center of the magnet (Harwell' PK 498). The counter is 
filled with 2 atm. of Хе(СОг) gas. The countrate at the center of the magnet 
is about 25 times higher than at the bottom of the magnet. However, the 
efficiency for the detection of 14.4 keV gamma-quanta decreases to 50% of 
the zero field value at 15 Τ (figure 3.6). The path of the electrons, freed 
°B 
10 15 
— B(T) 
Figure 3.6 The countrate
 3 C-., measured in the 14.4 keV window, 
divided by the zero fie Id countrate , Cf, measured 
as a function of the external· field , B. 
by gamma-quanta, having a velocity component perpendicular to the field, is 
bent away from the anode wire by the magnetic field and this causes the 
decrease in efficiency. 
The preamplifier, usually directly connected to the detector, is placed 
at the bottom of the magnet. As a consequence the resolution of the gamma-
spectra is low. This is shown in figure 3.7. The resolution still decreases 
with increasing applied fields. The countrate, obtained with a 25 mCi 
Co(Rh) source,in an average high field Mössbauer measurement is of the 
order of 15000 counts/s. 
'AERE, Harwell 0X11 ORA, Berkshire, U.K. 
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intensity Figure 3.7 Gamma-spectra of a
 57Co(Hh) source, 
measured with an endwindow 
proportional counter (Harwell PK 498). 
The window of the single channel 
analyser is indicated. The efficiency 
at IS Τ is about 50% of the zero field 
value. The resolution of the gamma-
spectrum still decreases at high 
magnetic fields. 
3.1.4 Velocity measurement 
Figure 3.8 shows an almost linear decrease of the velocity of the source 
with increasing external fields. The velocity, v, in the transducer system 
is given by': 
v = V
ref / 2 7 T r n BT · (3.1) 
in which V
 f is a triangular reference signal and г and η are the radius and 
the number of the windings of the pickup coil. В represents the total 
magnetic field in the transducer gap, consisting of the permanent magnetic 
field of the transducer magnets, R,, and an additional fringe field, aB, 
defined as a fraction, a, of the field, B, in the center of the Bitter 
magnet: 
de Vries, J.K.L.F., Quarterly Report 4 (1968), available on request. 
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B M + a B (3.2) 
From figure 3.8 and equations (3.1) and (3.2) we deduce a = 0.005. However, 
the fraction, measured near the transducer amounts to 0.002. Apparently the 
velocity is also affected by the field in the center of the Bitter magnet via 
the moving source rod and the centering springs. Therefore the velocity needs 
to be measured simultaneously. This is done with a Michelson interferometer. 
Figure 3.8 The maximum velocity in magnetic fields ,v , divided by 
the maximum velocity in zero field
 л
 v~ , as a function of 
the external field , B. The decrease of this ratio is 
0.016/T. 
3.1.5 The source spectrum 
Since the source is near the center of the magnet it experiences large 
magnetic fields and its spectrum consists of several lines. The appearance 
of the measured spectra is complicated, but to fit these spectra only one 
additional variable is needed, viz. the value of the magnetic field at the 
source. When the net field in the absorber and in the source are directed 
(anti)parallel to the direction of the external field, the direction of the 
field in the absorber can simply be determined in one experiment. This is 
shown in figure 3.9 for 5 7Fe. The measured spectrum is a convolution of the 
source spectrum and the absorber spectrum, both split into four lines 
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Figure 3.9 57Fe Mössbauer transitions in source and absorber, with the net 
fields directed (anti)paratie I to the direction of gamma-ray 
transmission. The signs indicate the helicity of the gamma-rays. 
The indicated quantum numbers hold for the parallel orientation 
of the magnetic field and the direction of propagation of the 
gamma-rays and must be reversed for the antiparallel case. The 
convoluted experimental spectrum is given for three different 
configurations of the effective fields in the source (B ) and 
_*. _i. _*. _* _i. —i. s 
the absorber (B ) : В ttß , В 4-tß and В 
a B a s a s 0. The direction of 
В can unambiguously be determined (\B \ = 1/2\B \). 
(um = 0 transitions are forebidden). Because of conservation of angular 
momentum, half of the lines can be excluded3. If the net fields of source 
and absorber are antiparallel the velocity range of a spectrum is increased 
with respect to the spectrum of a single line source. The lines originating 
from the ± 1/2 ~* + 1/2 source transitions nearly coincide with the lines of 
the spectrum, recorded with a single line source. 
Figure 3.10 displays two spectra of Fel2 at 8.5 T, each recorded with a 
different 5 7Co (Rh) source. The behaviour of each of these in an external 
magnetic field is quite different, as is further illustrated in figures 3.11 
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Figure 3.10 Spectra of Fel2 at 8.5 Τ and 4.2 К, recorded with two 57Co (Rh) 
sources. The upper spectrum originates from a single line 
source and only shows broader lines (source 1), while the lower 
spectrum originates from a source emission line, split by a 
field of 6.58 Τ (source 2). The stick diagrams indicate the two 
different magnetic sites. Each line of the upper spectrum is 
represented by two lines with intensity ratio 3:1 in the lower 
spectrum. 
and 3.12, derived from a series of measurements on Fel2· Figure 3.11a shows 
the effective field in the source, as a function of the external field, while 
figure 3.1 lb gives the variation of the linewidth with the field. Although 
in source 1 the effective field is zero in external fields up to 9 T, the 
linewidth is very large, probably as a result of the distribution of "Cc 
atoms over the Rh matrix. Figure 3.12 is a plot of the hyperfine field in the 
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Figure '¿.11 a) The effective field, Β j.„, and Ъ) the linewidth, ΐ, 
from spectra of Fel¿ recorded viih two sources 1 and 2. 
Values obtained at 4.2 К are indicated with open circles, 
values obtained at about 1.3 К with black circles. 
source as a function of the external field. Since there is no detectable 
variation with temperature, it follows that the plotted values represent 
saturation hyperfine fields. The behaviour of source 1 resembles the results 
of Schwartz and Frankel9. Several authors9"12 describe the increasing 
saturation hyperfine fields at increasing external fields as a gradual 
destruction of the bound state of conduction electrons and impurity spins at 
low temperatures, which results in spin compensation. The magnitude of this 
effect for source 2 is considerably less. External fields induce in this 
source only small hyperfine fields in the opposite direction, yielding large 
effective fields. However, the linewidth is considerably smaller, as compared 
to source I. The variation with the external field is similar to that 
described by Massenet et al 5. The difference between both sources arises from 
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Figure 3.12 The hyperfine field, B, ,in the source, deduced from the 
data of figure 3.11a. Fields from measurements at 4.2 К are 
indicated with open circles, those from measurements at about 
1.3 К with black circles. 
the fact that the compensating effect is strongly concentration- and 
impurity-dependent13. Therefore it is advisable for Mössbauer spectroscopy 
in high magnetic fields, to determine the source spectrum in the desired 
temperature and magnetic field range, using a standard absorber. 
3 + 
3.2 A He cooling system for Mössbauer experiments' 
A cooling system is described which consists of a He bath cryostat 
suitable for Mössbauer measurements, provided with a 3He insert. The insert 
is a closed circuit and is operated with an adsorption pump. The operation 
cycle is 15 hours at a minimum sample temperature of 0.38 ± 0.01 K. By 
controlled heating of the pump higher temperatures can be obtained, with an 
accuracy of ± 0.002 K. 151Eu Mössbauer experiments on EuSOi, are used to 
obtain an independent temperature calibration. The size of the insert is such, 
Published in Nucl. Instrum. Methods 175 (1980) 397. 
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that it can be placed in the bore of a small superconducting magnet on the 
bottom of the cryostat. 
3.2.1 Introduction 
He cryostats are widely used for measurements at temperatures between 
0.3 and 1.2 K. Adsorption pumps are often appropriated to reduce the vapour 
pressure above the 3He bath11*-18. The pumping speed is determined by the flow 
impedance and varies with the temperature of the adsorbing material. In 
contrast with systems having continuous circulation of 3He, these pumps 
operate after desorption and subsequent condensation of He in a separate 
step. The period of a pumping cycle is limited by the heat input to the 3He 
bath. The operation is vibration free, which is an important requirement for 
Messbauer experiments. 
In this section a He refrigerator is described, equipped with a 
'single shot' adsorption pump filled with zeolite, in a closed 3He circuit, 
which can be inserted in a normal He bath cryostat, suitable for Mëssbauer 
measurements. The features of this device are a long pumping cycle and an 
unaffected solid angle for gamma-rays. The dimensions of the 3He cooling 
system allow the use of a superconducting magnet, placed in the surrounding 
ц
Не bath. 
3.2.2 The cryostat 
The cooling system is schematically shown in figure 3.13. The 3He 
refrigerator consists of a reservoir for gaseous 3He (1), outside the dewar, 
an adsorption pump (2) and a vacuum jacket, which contains the 3He bath (3), 
inside the dewar. The source (4) is inserted on top of the vacuum jacket. A 
superconducting magnet (5) can be placed in the He bath (6) on the bottom 
plate. Figure 3.14 shows more details. During an operation cycle, while 
pumping on the He bath, gaseous lie is adsorbed from the reservoir, the pump 
(1) is subsequently heated (2) and 3He is desorbed and liquified in the 
condensor (3). The pump is surrounded by a vacuum jacket (4). A thin copper 
wire (5) serves as an adjustable heatleak, because on the one hand the 
dissipation of adsorption heat to the He bath must be sufficient to 
maintain a constant pumping speed, when the pump is in use, while on the 
other hand electrical heating of the pump, in the condensation step, should 
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Figure 3.13 **He bath cryostat 
with 3Яе cooling system. 
1-Stainless steel 
reservoir for gaseous Зйе. 
'¿-Adsorption pump 
surrounded by a vacuum 
jacket. 3-Vaouum Jacket 
containing the 3fle bath. 
4-Evacuable compartment 
containing the source. 
5-Superconducting magnet. 
6-4He bath. 
\\\\\\\ ^\\\\\\\\\ 
not cause significant consumption of **Не. The 3He bath (7) is supported by 
two spiral tubes. One of these (8) is connected to the pump via the condensor, 
the other one (9) is connected to an ionization manometer. The vacuum jacket 
(10) is supplied with mylar windows and indium seals (11). The sample (12), 
packed in aluminium foil and shielded with mylar foils (13), must be 
inserted through the larger bottom window and is mounted in direct thermal 
contact with the 3He bath. 
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Figure 3.14 Detailed scheme of 
the 3He cooling stage. 
1-Adsorption pump 
containing 2b g of type 
13 X zeolite (Union 
Carbide^). 2-Heating wire, 
220 Ώ. 3-Condensor} ribbed 
copper foil. 4-Copper 
vacuum jacket. b-Thin 
copper wire with 
adjustable length. 
6-Radiation shields. 
?-Copper cylindrical 
vessel containing Ь enfi 
of liquid 3He. 8/9-Spiral 
stainless steel tubes. 
ΙΟ-Vacuum jacket. 
11-Mylar windows 
sealed with indium. 
12-Sample packed in 
aluminium foil. 
13-P.adiation shields of 
aluminized mylar foil. 
14-Source. 
3.2.3 Operational results 
A. The 3He bath 
MÖssbauer experiments often require several hours of measuring time. 
Therefore the useful pumping time is an important requirement. It is limited 
by the rate of evaporation of liquid He, which is determined by the heat 
input to the 3He bath. The main contribution to the heat input per unit of 
time, Q, originates from conductance via the gas molecules in the vacuum 
jacket around the bath. The general expression for this contribution is19: 
Union Carbide Corporation, Carbon Prod. Div., 270 Park Ave, New York, U.S.A. 
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Q = а-А-ДТ-р (3.3) 
where a is the effective sticking coefficient of the walls, A the area of the 
walls, ΔΤ the temperature difference between the 3He and the ^ He bath and ρ 
the vapour pressure in the vacuum jacket. 
The period of a pumping cycle turns out to be 15 hours, which 
corresponds to a heat input of 200 uW. On account of the mylar windows, ρ is 
limited to 10~3 Pa, while ΔΤ is about 1 K. When the heat input is compared 
with the value estimated with the expression for Q, the only parameters that 
can be improved, a and A, appear to be important criteria for the period of 
a pumping cycle. Therefore, the use of small clean metal surfaces is very 
favourable. On the other hand the area of the inner wall of the He bath is 
enlarged to promote thermal contact with the liquid He. 
Р
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Figure 5. IS The 3He bath pressure during a pumping oyole at maximum pumping 
speed. In one hour the equilibrium value cf 4.1 χ 10~2 Pa is 
obtained. After IS hours the 3fle bath is empty and the measured 
pressure decreases to about 10~4 Pa, a typical value for the 
pressure at the zeolite surface. 
The 3He pressure above the bath during a pumping cycle is given in 
figure 3.15. At maximum pumping speed the equilibrium pressure is 4.1 χ IO - 2 
Pa, in accordance with a bath temperature of 0.A0 ± 0.01 K. From the pumping 
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time an average mass flow of 2.2 χ 10 ° Moles He/s is deduced. 
B. The adsorption pump 
The equilibrium 3He pressure above the bath for a given heat input 
varies with the pumping speed, which can be controlled by the temperature of 
the pump. In figure 3.16 the pressure above the He bath is plotted as a 
log(p, /Pol 
1.0 
0.0 
-IB 
1.0 
_ 0.5 
W P ( K ) 
Figure 3.16 The equilibrium pressure of the 3He bath at various temperatures 
of the adsorption pump. Also indicated is the corresponding 3Де 
bath temperature. 
function of the pump temperature. Adsorption starts below 15 К and at a 
temperature of 2 К the pressure is nearly constant. From this we conclude 
that the He bath temperature is not affected by small fluctuations of the 
pressure of the surrounding **Не bath, below the λ-point of 4He. 
The heat of adsorption of 3He on zeolite, liberated in the pump, is 
deduced from measurements of the He pressure in the absence of liquid He. 
We estimate a value of approximately 60 J/Mole 3He. Together with the mass 
flow this value determines the heat leak from the pump to the surrounding 
bath, necessary to maintain a constant pump temperature. 
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By controlled electrical heating of the pump 3He bath temperatures above 
O.A К can be obtained with an accuracy of + 0.002 K. However, the evaporation 
rate of 3He increases with the pressure above the bath and the time of the 
pumping cycle is reduced accordingly . 
C. Temperature calibration 
The temperature of the 3He bath is measured both by the pressure above 
the bath and by a carbon resistor (AB 82 Ω,'1/8 W). The sample temperature 
has been determined in a 1 5 1Eu Mössbauer experiment on EuSOij. This divalent 
europium compound exhibits an abrupt change of the effective field at the 
Eu nucleus in the vicinity of the Niel temperature, which is 0.43 К ^0, 
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Figure 3.17 151£и Mössbauer spectrum of EuSO^. The effective field at the 
nucleus is 14.7 ± 0.1 T, corresponding with a sample temperature 
of 0.38 ± 0.01 K. The linewidth is broadened by relaxation 
effects, which does not affect the effective field parameter. 
The component at 0 mm/s originates from a trivalent europium 
impurity. 
The spectrum shown in figure 3.17 was measured at maximum pumping speed, the 
adsorption pump having the "Ήε bath temperature. 
A least squares fitting analysis of the effective field parameter leads 
to a corresponding sample temperature of 0.38 ± 0.01 K. This value is in 
reasonable agreement with the measured He pressure, and Mössbauer 
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measurements on this compound thus provide an independent temperature 
calibration. 
3.3 Eu Mössbauer spectroscopy 
3.3.1 Introduction 
Many of the solid state properties of rare earth compounds and alloys 
have been studied with Mossbauer spectroscopy21»22. A review paper, specific 
describing 151Eu Mossbauer investigations has been published by Barton and 
Greenwood . Like most rare earth compounds, Eu compounds are in the 
trivalent charge state, in which two 6s-electrons and a 4f-electron are 
transfered to the ligands. The Eu3+-ion has a 7F 0 groundstate with zero 
magnetic moment. The divalent charge state is also relatively stable. The 
half filled 4f-shell results in a ^S-j/2 groundstate with a magnetic moment 
of 7 μ_. The magnetic behaviour and the isomer shifts of both charge states 
differ strongly. The investigations in this thesis deal with the Eu(II) 
compounds EUSOL, and Сеі-
х
Еи
х
АІ2, as described in section 3.2 and chapter 7, 
respectively. 
3.3.2 Source and characteristics of the Eu nucleus 
Some characteristics of the 1 5 1Eu nucleus are given in table 3.2 2 Ц. 
The Mossbauer transition is the 7/2 "* 5/2 emission of 21.5 keV gamma-quanta, 
Table 3.2 Properties of the 151£и nucleus21*. 
natur . i l i s o t o p i e abundance 47.82 % 
gamma-ra> energy 21.532 keV 
n a t u r a l l inewidtn (Γ ) 1.3 J tnm/s 
о 
internal conversion coefficient (a) 28.6 
maximum resonance cross section (u ) 2.377 * 10"^q cm' 
о 
nuclear quadrupel? moment (Q ) 1.14 * 10~? "П^  
(Qe) 1.50 » lu"7' m' 
gyromagnetic ratio (γ^ι) 0.6083 mm/s/Г 
(ïCh) 0 3244 mm/s/T 
half life time of parent '-^ Sm nucleus (t|) 90 years 
2 
energv conversion 1 mm/s = 1.151 * 10 °b J 
= 7.182 * Ι0~β eV 
which has the polarity of magnetic dipole radiation (Ml). The relative 
intensities of the resulting 18 lines, in terms of the Clebsch-Gordan 
coefficients and the angular factors, are collected in table 2.2b 2->. The 
gamma-spectrum of the parent source nucleus, 5'Sm, recorded with a high 
resolution intrinsic Ge detector is shown in figure 3.18c. The 21.5 keV 
Mossbauer emission peak is well resolved but superimposed on a continuum 
of Breiranstrahlung radiation, better seen in figure 3.18b. Some ^ Sm X-rays 
at higher energies are assigned. The source consists of 400 mCi powdered 
S11LF3, in a plastic source holder, with an active diameter of 9 mm 151 
(Radiochemical Center Amersham , code SSDQ3729). The high activity is needed 
because only one percent of the decays results in a Mossbauer transition and 
moreover,
 1 5 1Eu has a. high internal conversion coefficient (28.6). In spectra 
with a well resolved hyperfine pattern, the velocity range is about ± 40 mm/s. 
For Eu spectra the source is therefore moved with the high frequency of 15 Hz, 
so that the displacement of the source is limited (for a velocity range of 
± 10 mm/s a frequency of 5 Hz is used). 
The measured absorbers contain 3 to 40 mg 51Eu/cm , corresponding with 
effective thicknesses of 1 to 15 . Since several spectral lines overlap, it 
is necessary to perform the fitting procedures with the transmission integral 
method. 
The Radio Chemical Center, Amersham, Buckinghamshire, HP7 9LL, U.K. 
The effective thickness is defined: t = f t σ , in which f is the 
а а о о a 
recoilless fraction of the absorber, t is the number of 1 5 1Eu atoms/cm2 
and σ is the maximum resonance cross section. 
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Figure 3.18 Gamma-spectra of l51Sm, recorded with various detectors. The 
upper spectrum (a) is recorded with a 2 mm thick Nal(Tl) 
scintillation detector (karshaw Chemical Company, 1945 East 97th 
Str. Cleveland 6, Ohio, U.S.A.). The resolution of spectrjm (b), 
recorded with a proportional counter (HS-P3-1605 Reuter-Stok.es 
Inc. 18530 South Miles Parkway, Cleveland, Ohio 44128, U.S.A.) 
is somewhat higher. The lower spectrum (c) is recoraed with an 
ъпЫіпвіс germanium solid state detector with an active area of 
200 mm2 and a thickness of 10 mm (IG210U Prbnaeton Gamma-lech, 
Box 641, Princeton, N.J. 08540, U.S.A.). The Mossbauer transition 
is very well separated, which facilitates the adjustment of the 
wvndow of the single channel analyser. Some other peaks in the 
gamma-spectrum have been assigned. 
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3.3.3 Gamma-ray detection 
All 151Eu Mössbauer measurements were carried out with a Nal 
scintillation detector. Figure 3.18 displays gamma-spectra, recorded with 
this detector, with a proportional counter and with an intrinsic Ge detector. 
The best resolution and lowest background is obtained with the latter. 
Using Еи20з as a standard absorber, the relative absorption in the 
Mössbauer spectrum was measured with these three detectors. The source was 
at a distance of 40 mm from the detector. The countrate in the optimum 
window and the relative absorption are given in table 3.3 
Table 3.3 Relative absorption, countrate and efficiency for 21.5 keV 
radiation for some detectors. 
ei f i e icncy 
d e t e c t a r r e l a t i v e a b s o r p t i o n ί,Ζ) c o u n t r a t e Сь~ ) ( t i n e in hours t o o b t a i n .1 
s ig r .a . t o n o i s e r a t i o Ol 10) 
p r o p o r t i o n a l c o u n t e r 8.1 1400 b. 1 
(Reuter S t o k e s ) 
N a K T l ) 4L i n t i l l a t i o n * ) . : Э'.ОО 4 .5 
d e t e c t o r (tlarshaw) 
i n t r i n s i c germanium 10.θ Ъ 0 0 I · 1 * 
d e t e c t o r (Pr ineeton-Canma) 
for each detector. The resulting efficiency has been expressed in terms of 
the measuring time required for this absorber to obtain a signal to noise 
ratio of 10. The intrinsic germanium detector is the most efficient of the 
three. 
3.4 Data acquisition 
The analysis of Mössbauer spectra requires both the determination of 
the countrate of gamma-rays, transmitted by an absorber, and the velocity of 
the gamma-source relative to the absorber. In our laboratory the velocity is 
measured with a Michelson interferometer. Simultaneous signals from the 
single channel analyser, selecting the appropriate energy range of the 
gamma-spectrum, and the light detector, measuring the varying light intensity 
of the interferometer, are stored in corresponding channels of a multichannel 
analyser. A short description of the spectrometer is given by Viegers 6. The 
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modified data acquisition method is described in detail in this section. 
3.4.1 The analyser 
The data storage and some data handling is performed by a ND660 
multichannel analyser , equipped with a minicomputer, containing a LSI—11 
microprocessor. A flow chart of spectrometer, analyser and additional options 
is drawn in figure 3.19. The system has 24 к (16 bits words) memory, of which 
amp s.c a. 
K a y 
drive system detector 
• — ч 1 
--C 
Vref 
Light 
detector z d * . 
module 
wave 
generator 
analyzer 
mini 
computer 
floppy 
disk 
p l o t t i n g 
f i t t i n g 
IBM 370/158 
Figure Z.19 Flow ahart of the functions and additional options and 
extensions of the Ι1Ό660 analyser/microcomputer system. 
tv. Nuclear Data Inc., Golf and Meacham Roads, Schaumburg, 111. 61172, U.S.A. 
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4 к can be used for direct data storage. The analyser is controlled by a 
digital waveform generator (WISSEL FG-350) producing the reference 
waveform signal, the multiscaling start pulses (5-20 Hz) and channel advance 
pulses, opening successive channels an equal length of time, once per period. 
Pulses from the single channel analyser, containing the spectral information, 
and pulses from the light detector, measuring the intensities of the light 
from the Michelson interferometer, are entered into the analyser via two 
inputs of a zero dead time input module. The data of one measurement, the 
spectrum and the velocity, are both stored in an equal number of channels. 
The number of channels per input can be varied to a maximum of 4 k. Four 
digital input signals can be collected simultaneously in a maximum of 1 к 
channels each, so that two spectra, with additional velocities can be 
measured at the same time. The microprocessor is operated with a printer/ 
terminal (TELEPRINT KSR 430) using RT-11 software. After recording, the 
spectra can be stored on a floppy disk, formatted in binary or ASCII-code. 
Simple data manipulation is done by the minicomputer, which is equipped with 
a FORTRAN IV-compiler. Further processing and application of fitting 
procedures, with larger programmes, requires the transfer of data to the 
IBM 370/158 of the University Computer Center (URC). 
3.4.2 Data preparation 
The recorded spectra are adapted and prepared for interpreting purposes 
and fitting procedures, by two computer programmes, VELO and DATCH. The 
former deduces the velocity axis of the spectrum from the velocity data, the 
latter then plots the spectrum. The velocities are calculated and fitted with 
the programme VELO from the number of counts per channel". x
n e
 velocity axis 
for each spectrum half is represented by eight constants, a , of a polynomial 
function, fitted to the velocities: 
7 
v(x) = Σ a χ" , χ = 1,2,3,4 , (3.4) 
r»
 n 
+ 
Wissenschaftliche Elektronik GmbH, Pilotystrasse 3, D-8130 Starnberg, F.R.G. 
Teleprint GmbH, 6263 Eschborn/Frankfurt, F.R.G. 
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where v(x) is the velocity in channel x. At the maximum velocities and 
around zero velocity the fit shows the largest deviations. In case the 
velocities can not be fitted well the observed values are directly used to 
plot the spectrum. The programme DATCH receives either the observed 
velocities or the polynomial constants, a , to construct velocity arrays for 
both halfs. They are arranged from negative to positive values. Consecutively 
the spectrum halfs are to be added to increase the statistics. However, the 
velocity axes of both halfs are not identical, and before this operation can 
be performed, a linearization procedure is carried out. DATCH searches the 
velocity range, which both halfs have in common, and defines a number of 
equidistant velocities in this range, which is equal to the number of 
channels of one spectrum half. For the resulting velocities of both halfs 
the corresponding counts are calculated by weighed interpolation between the 
measured values. Corresponding counts in both halfs are then added, and the 
velocity axis of the folded spectrum is determined by two constants, viz. 
the velocity of the first channel and the increment per channel, in imn/s. 
Folding of the spectrum halfs removes the baseline bend to first order, 
thus avoiding the use of extra fitting parameters for a parabolic baseline. 
Moreover, apart from the obvious enhancement of the signal to noise ratio, 
R, obtained by doubling the channel contents, the linearization procedure 
itself also contributes to R. In a MÖssbauer spectrum the contents of a 
channel, Y, and R are related by: 
R = 1/2 a\/T , (3.5) 
in which a. represents the signal, given as a fraction of Y. The contents of 
a channel of the linearized spectrum is the weighed average of the two 
measured channels on either side of v, the velocity of the channel of the 
linearized spectrum: 
Ϋ = aY.
+ 1 + (l-a)Yi , 0 < a < 1 . (3.6) 
The weighing factor a is defined as 
a = (v.
+| - ν)/Δν , (3.7) 
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in which v. is the velocity of the channel of the measured spectrum, with 
contents Υ. , and Δν represents the constant velocity increment of the l+l r _ 
linearized spectrum. The standard deviation, σ-, of Y is calculated from 
equation (3.6): 
σ- = \¡2a2 - 2a + 1 \fl , (3.8) 
with Ϋ « Y. 
Assuming an equal distribution of values of a between zero and one, R amounts 
to 0.62 α y Y, by which R has increased 23%, compared to the original 
spectrum. The total folding procedure thus raises R by 73%. The main drawback 
of folding is a small decrease in the resolution of a spectrum at the center 
of the absorption peaks. However, this effect is negligible for large numbers 
of channels per spectrum. 
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CHAPTER Ц 
MAGNETIC ORDERING AND PHASE TRANSITIONS IN FERROUS IODIDE1" 
4.1 Introduction 
The magnetic behaviour of ferrous iodide is quite different compared 
to the other iron(II) halides, while to the contrary the crystallographic 
structures of FeCl2, FeBr?, and Fel2 are identical. The structures consist 
of layers with hexagonal symmetry perpendicular to the c-axis and are of the 
Cdl2 type1»7. In this structure layers of iron ions are separated by two 
layers of halogen ions. All the ferrous halides order antiferromagnetically 
at low temperatures. The Niel temperature of Fel 2 is 9.3 К
 3
. The magnetic 
structure of this compound has been studied by neutron diffraction1* and it 
differs from that of FeCl2 and FeBr2. These latter halides have layers, 
perpendicular to the c-axis, of iron ions with magnetic moments directed 
along the c-axis, which are parallel within one plane, but opposed to the 
moments in adjacent planes. In Fel2 two adjacent layers with parallel 
magnetic moments are succeeded by two layers with magnetic moments in the 
opposite direction. These layers are parallel to the b-axis and make an angle 
of 73° with the ab-plane. The magnetic moments are again aligned along the 
c-axis. This results in a structure in which the layers in the ab-plane 
consist of zig-zag chains of ions with magnetic moments directed parallel 
within a chain, but antiparallel to adjacent chains. These chains are in the 
b-direction (figure 4.1). 
The behaviour in magnetic fields has been studied by several methods. 
Susceptibility measurements have been done with magnetic fields, both 
parallel and perpendicular to the c-axis ' . Measurements in parallel 
magnetic fields revealed four jumps in the total magnetization in fields up 
to 15 T, indicating five different magnetic phases. The phase diagram is 
shown in figure 4.2. If a parallel magnetic field is applied, a phase 
transition is induced at a critical field for most antiferromagnets. Usually 
this is an intermediate spin-flop phase, in which the magnetic moments of 
Parts of this chapter have been published in J. Phys. (Paris) Colloq. 4_^  
(1980) CI-165. 
56 
Figure 4.1 The magnetic orthorhombic (dashed lines) and primitive (solid 
lines) cell of Fell· The primitive cell contains 8 spins. In the 
louer quart of the orthorhombic cell the crystallographic unit 
cell is indicated (a - b = 4.03 A and с - в.75 Aj. Black and 
white circles represent Fe2+-ions with spins in opposite 
directions. Zig-zag chains of parallel spins run in the 
b-direction. 
the sublattices are canted towards a direction, perpendicular to the field. 
However, in highly anisotropic systems the anisotropy field is effectively 
greater than the antiferromagnetic exchange field, so that with increasing 
external field the paramagnetic phase is reached either via several 
intermediate ferrimagnetic phases or directly via a metamagnetic transition6. 
The nature of some magnetic phases in Fel2 has been studied by de Graaf 
and Trooster in Mössbauer experiments up to 6 T. The Mössbauer spectra show 
that the effective field at the iron nuclei is (anti)parallel to the c-axis 
in the intermediate phases II and III. These phases are generated from the 
antiferromagnetic phase via realigranent of spins, thus changing the fractions 
57 
tìext(l) 
10 
5 
η 
о о 
и - Ш > 
β . — 
б " ~~ 
о 
Ш 
> - -
I * 
\ 
\ 
\ 
\ 
ι 
I 
· · 
J . ._ 
Y 
ы· 
» mJ à 
10 
T(K) 
Figure 4.2 The magnetic; phase 
diagram of Fe±i· Phase I and 
V are the anti ferromagnetic 
and the paramagnetic phase, 
respectively. The intermediate 
phases II, III and IV are 
ferrimagnetic, characterized 
by the fractions of ions with 
magnetic moments parallel and 
antiparallel to the c-axis. 
The circles represent 
Mössbauer measurements done by 
de Graaf and Trooster7 (·) and 
in this work (Ό ; . 
of parallel and antiparallel spins and the total magnetization. 
The complicated magnetic structure can be described as a number of 
interpenetrating sublattices. A number of four sublattices is the minimum at 
which one intermediate phase is obtained, as is explained in figure 4.3. 
î î Î 
Bext 
A+ B+ A- B- AF 
Figure 4.3 The four süblattice model. A and 
В represent tino anti ferromagnetic 
systems, in which the ions in two 
subsequent layers (i.e. A+ and A~) 
have opposed magnetic moments. Only 
three magnetic phases, with magnetic 
moments (anti)parallel to the c-axis, 
exist: the antiferromagnetic state 
(AF), a ferrimagnetic state (F) and 
the paramagnetic state (P). The 
arrows indicate the direction of the 
hyperfine fields. 
In this phase three of the four sublattices have ions with hyperfine fields 
parallel to the external magnetic field. This model has been worked out by 
Petitgrand et al.8, based on the interpretation of their spin wave spectra, 
measured by the far infrared antiferromagnetic resonance technique (AFMR). 
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However, this model does not explain the existance of more than three 
magnetic phases, as is established both by magnetization and Messbauer 
measurements. 
The aim of the present Mossbauer investigations at fields up to 
12.5 Τ is the characterization of phase IV. The spectra consist of two 
subspectra, originating from the ions with parallel and antiparallel spins. 
The relative intensities and the hyperfine fields of both subspectra have 
been determined, providing information about the phase transitions and the 
nature of the various phases. The results have been related with other 
investigations on this compound. 
4.2 Experimental 
The measurements in high magnetic fields, were done on a single crystal 
of Fel2, prepared from the elements, using a method described by Brauer9. 
The iron contained 10% of 5 7Fe. The crystal was mounted in a pill-box. This 
was done in a glove box with dry nitrogen, as described by de Graaf and 
Trooster7. The crystal is formed as a thin flake, with the c-axis 
perpendicular to the plane of the flake. The area was 0.9 cm2, the thickness 
about 0.05 ram, yielding an effective thickness of about 0.25. The crystal 
was mounted in the spectrometer, in such a way, that the c-axis and the 
directions of propagation of gamma-rays and magnetic field all coincide. The 
experiments have been done in the High Field Magnet Laboratory of the 
University of Nijmegen. All measurements were performed with the spectrometer, 
placed in a Bitter magnet, described in chapter 3. The maximum countrate in 
the 14.4 keV window was 15000 counts/s, obtained with a 25 mCi 57Co(Rh) 
source (Radiochemical Center Amersham). 
In the experimental configuration, where both source and absorber are in 
the magnetic field in the center of the Bitter magnet, the resulting measured 
spectrum can be complicated by the behaviour of the source. Two Co(Rh) 
sources were used during the measurements of the Fel2 crystal. Source 1 does 
not have a split source spectrum at fields below 9 T, while source 2 does. 
The properties of both sources are described in detail in section 3.1.5 of 
this thesis. Most spectra are recorded with source 1. Source 2 is used to 
determine the sign of the sometimes small effective fields of the iron ions 
with hyperfine fields directed antiparallel to the external field. 
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4.3 'Measurements and results 
All Mossbauer measurements on single crystals of Fel2 are indicated in 
the magnetic phase diagram (figure A.2); black circles represent low field 
measurements (0 Τ < В < 6.5 I ) , reported by de Graaf and Trooster7, and 
ext 
open circles our high field measurements (5.5 Τ ^  В
 t < 12.5 I). Some r
 ext 
overlapping experiments were performed to compare spectra measured by the 
two spectrometers at equal conditions. 
4.3.1 Low field spectra 
Figure A.Aa shows a sample of the low field spectra, recorded in the 
regions of phases I, II and III, respectively, all with the source in zero 
field. The lower spectrum is characteristic for the purely antiferromagnetic 
phase I, consisting of two four line patterns with equal intensity. 
The other two spectra are measured at 5.93 T, at A.2 and 1.5 K, respectively. 
The latter spectrum is well fitted with a set of Lorentzians, but the fit 
of the former is unexplicable and yields erroneous intensities. 
There is no reason for a deviation from the ideal 3:1 ratio of the 
intensities of lines 1 and 3. Saturation effects can be excluded, since the 
zero field spectrum, with only one hyperfine pattern, does show the ideal 
ratio7. 
A better simulation of this spectrum is obtained assuming a dynamic 
equilibrium between the two possible orientations of the hyperfine field 
(figure A.Ab). The Mossbauer spectrum will depend on the characteristic time, 
τ , between successive spin-flips. The simulation of these kind of spectra 
SF 
is described by Blume10, Corson11 and in chapter 2 of this thesis. The upper 
spectrum, calculated with τ = IO - 5 s, which is long compared to the nuclear 
Larmor precession time, consists of two well resolved four line patterns, 
with an intensity ratio, determined by the ordering parameter, M, which is 
defined as the difference of the fractions with parallel and antiparallel 
hyperfine fields: 
M = NT - Nl . (A.l) 
The lower spectrum is simulated with τ__ = IO - 7 s. 
The shorter spin-flip time averages the effective field, induced on the 
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Figure 4.4 A sample of low field spectra of Fel2 measured by de Graaf 
and Trooster7. 
a) Spectra recorded in phase I, II and III, respectively, 
fitted with Lcrentzian lines. 
b) The effect of the characteristic spin-flip time, τ__. The 
spectra of phase II and III (o) have been simulated (*) 
with τ
ς
ρ- W~5 s and τ„„ - 10~Ί s, respectively. 
nucleus, causing linebroadening, while the central part of the calculated 
spectrum shows reasonable agreement with the spectrum, measured at 4.2 К 
and 5.93 T. The extra absorption between 2 and 3 mm/s and the enhancement of 
the intensities of lines 3 and 4 in this spectrum is thus explained by taking 
61 
into account the spin-flip time. 
Reasonable values for the ratios of ions with antiparallel and parallel 
hyperfine fields in this part of the phase diagram, Nl/Nt, are obtained, 
only taking into account the ratios of the intensities of lines 1 and 2, 
obtained from the type of fits of figure 4.4a. In this way a value of 
0.56 ± 0.03 is found throughout phase II, while in phase III, at 4.2 K, this 
ratio decreases gradually from 0.96 at 4.99 Τ to 0.46 at 5.93 T. 
4.3.2 High field spectra 
The spectra displayed in figure 4.5 are measured with the high field 
Mössbauer spectrometer, using source 1 (section 3.1). All spectra were 
fitted with a set of Lorentzian lines, using the ideal 3:1 ratio for the 
intensities of the ± 3/2 ~* ± 1/2 and the ± 1/2 ~* +1/2 source lines, in case 
of a split source spectrum. It is impossible to account for relaxation 
processes, since these are obscured by linebroadening, due to the position 
of the source in high fields. 
The spectra at 8.5 and 9.0 Τ (figures 4.5a and 4.5b) are measured in 
the region of phase III, and can be compared conveniently with the low field 
spectra, since source splitting proves to be negligible. From the analysis 
of the spectra the intensity ratio, ΝΦ/Nt, has been deduced, which decreases 
further to 0.41 + 0.02 at 8.5 Τ and 4.2 K, in this phase. Source splitting 
has been included in the fitting procedure of the spectra of figures 4.5c 
and 4.5d. The spectrum at 10.5 Τ and 1.5 К is characteristic for phase IV: 
it shows again two hyperfine patterns, without Am = 0 lines, indicating 
alignment of magnetic moments (anti)parallel to the c-axis. The characteristic 
intensity ratio Nl/Nt, for phase IV is found to be 0.33 ± 0.02. The spectrum 
at 12.5 Τ only shows the parallel spectral component, as is expected in the 
paramagnetic phase V. The spectral component with weak lines, at ± 5.5 mm/s 
in all spectra, probably due to a small Fe(III) impurity, does not affect the 
central part of the spectra. 
4.3.3 Discussion of the results 
The fitting parameters derived from the measured spectra are collected 
in table 4.1 (isomer shifts, quadrupole splittings and relative intensities) 
and figures 4.6 and 4.7 (relative intensities and hyperfine fields), both for 
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Figure 4.5 High field Mössbauer spectra of Fel^. The spectra were recorded 
with source 1 in the external field, resulting in linebroadening and, 
at fields above 9 T, also source splitting. The 10.5 Τ spectrum is 
therefore clarified with a set of bars for each subspectrum. The spectra 
have been fitted with Lorentzian lines. 
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Table 4.1 Magnetizations and fitting parameters of Mössbauer spectra. 
The calculated magnetizations are derived from the intensities 
and the hyper f ine fields of the ions with parallel and 
antiparallel magnetic moments, the last column contains 
measured magnetizations^. 
Ü 
Ί 
J 
-
Ü 
Π 
Π 
* 
и 
и 
Lu 
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* 
η 
* 
* 
* 
Τ (К) 
4 . 2 
4 .2 
4 . 2 
4 . 2 
4 . 2 
4 . 2 
4 . 2 
4 . 2 
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4 . 2 
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4 . 2 
4 . 2 
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5 .93 
5 .93 
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10.50 
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0 . 7 6 
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1.00 
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1.00 
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1.02 
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0 .98 
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1 .00 
1 .01 
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0 .98 
1.07 
0 .98 
1 .00 
0 . 9 6 
1.02 
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Ni/Nt 
C+0.02) 
1.00 
1.00 
1.00 
1.00 
1.00 
0 . 9 6 
0 . 8 2 
0 . 5 6 
0 . 5 7 
0 . 5 6 
0 .58 
0 . 5 5 
0 . 5 6 
0 . 4 6 
0 .54 
0 . 5 0 
0 . 4 6 
0 . 4 0 
0 . 4 2 
0 .42 
0 .37 
0 . 3 3 
0 .30 
0 . 3 3 
0 . 0 0 
0 . 0 0 
< μζ » С І С Ч » 
( ± 0 . 1 ) 
0 
0 .12 
0 .22 
0 . 3 3 
0 .57 
1.2 
1.3 
1.2 
1.2 
1.3 
1 .1 
1.2 
1.2 
1 .5 
1.4 
I .3 
І.Э 
1.8 
1 .7 
1 .8 
I .8 
2 . 3 
2 .5 
2 .6 
3 .8 
3.6 
^ ^ r n e a s ' V 
( ± 0 . 1 ) 
0 
0 .07 
0 .14 
0 .26 
0 . 5 5 
1.0 
1.2 
1.3 
1.5 
1.4 
1 .5 
I .6 
1.6 
1.6 
1 .7 
1.7 
1 .7 
2 . 2 
2 . 2 
2 . 2 
2 .4 
2 .8 
2 . 8 
2 . 9 
3 .6 
3.6 
+ with respect to α-Fe 
* these measurements have been measured with source 2 
u
 measurements of de Graaf and Trooster7 
low and high field spectra. The isomer shift is rather constant throughout 
the region of the phase diagram and amounts to +0.76 ± 0.03 mm/s with respect 
to α-Fe. The measured quadrupole splittings do not vary significantly either. 
The value of +0.99 ± 0.04 mm/s agrees with earlier investigations, and 
confirms the absence of crystal deformations due to ordering effects 1 2· 1 3. 
The intensity ratio Nl/Nt (figure 4.6) and the hyperfine fields Bt and Вф 
(figure 4.7) are plotted as a function of the external field. From these 
data, the total magnetization < μ > can be calculated, assuming that the 
magnetization for each spin orientation is proportional to the measured 
hyperfine field: 
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Figure 4.6 The ratio Λ'Ι/ΛΓΪ of icns with hyperfine fields antiparallel and 
parallel to the external field, as a function of the external 
field. Open circles represent measurements at 4.2 X, black 
circles measurements below 3 X. The phases and phase boundaries 
are indicated. Phase II only exists for temperatures below 3 X. 
Β, (Τ) 
hyp 
Figure 4.7 The hyperfine fields directed parallel Ά) and antiparallel (I) 
to the external field, calculated with equation (4.3). Open 
circles represent measurements at 4.2 X3 black circles 
measurements at temperatures below 3 X. Phases and phase 
boundaries are indicated. Phase II only exists for temperatures 
below 3 X. 
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< μ > = r ^ - (NtBÎ - N4 Bi) , (Α. 2) 
ζ Β 
sat 
in which NÎ , N-l·, BT and ВІ represent fractions and hyperfine fields of ions 
with parallel and antiparallel hyperfine fields, respectively. The saturation 
magnetization, μ , is calculated by Fert et al.3 and Fujita et al.13 and is 
4.4 μ /ion, corresponding with a maximum observed hyperfine field, Β , of 
about 8.0 T. The measured and calculated values of < μ > are also given in 
ζ 
table 4.1. Reasonable agreement is observed at low fields, but above 6 Τ and 
in phase II the calculated magnetization is on the average 0.4 μ /ion lower 
В 
than the measured one. The values obtained at 12.5 Τ are again in accordance, 
indicating that equation (4.2) is not applicable in the intermediate region. 
One of the reasons is probably the fact that the spin flip time is of the 
order of the nuclear Larmor precession time, in this range , as is suggested 
by the simulated spectra of figure 4.4b. However, more information can be 
obtained from the quantities NT, N4, Bt and B-l·, which are measured 
independently by our Mössbauer experiments. 
The data points in figure 4.6, from the spectra measured at 4.2 K, 
show a sudden decrease of N4-/NT at 5 T, passing the boundary between phases 
I and III, with a minimum observed value of 0.41 in phase III. Simultaneously 
B-l- is suddenly increasing after a continuous decrease, so that after 
realignment of the spins at a critical field, the magnetization of the ions 
with antiparallel hyperfine fields is again near its maximum value (figure 
4.7). 
The hyperfine fields are calculated from the measured effective fields, 
-»· -* 
В .., and the external field, В : 
eff ext 
B, = В ,, - В . (4.3) 
hyp eff ext 
Two other contributions to the effective field are usually ignored. The 
demagnetization field, -aM, is proportional to the net magnetization, while 
the dipolar field, Β,, consists of two parts, i.e. a contribution of ions 
with the same spin orientation and one of ions with opposite spin orientation. 
The small change in Bt at 5 Τ can not be attributed to changes in the 
demagnetization field or the dipolar field. However, spin-flip times of 10~7 s 
or shorter, reduce the observed effective field of the ions with parallel 
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moments a few percent (figure 4.4b). The transition from phase II to phase 
III is not reflected by changes in the hyperfine fields. Within the error 
ranees, the same values are found for В ,_ = 5.62 Τ and 4.2 К (phase III) and b
 ext 
for В = 5.5 Τ and 1.3 К (phase II). In this region the hyperfine field, 
ext 
Bi, is almost equal to the external field, and it is necessary to assess the 
sign of the effective field in order to determine ВІ. Figure 4.8 shows an 
example of a spectrum measured with source 2. The source spectrum is split 
Figure 4.8 Mössbauer spectrum of Fel^ recorded at S.5 T3 with a source of 
which the spectrum is split by the external field. Each 
transition is induced by two source lines, split by an 
effective field of ¿.8 T. The two subspectra, consisting 
of eight lines, are indicated with bars. The effective absorber 
field of the antiparallel spins (1.6 T) is directed 
opposite to the external field. 
by the external field. The position of the components of the source spectrum 
clearly establishes the negative sign of the effective field, indicating 
that the hyperfine field,B4·, is larger than the external field. 
From figure 4.6 it can be seen, that phase II is characterized by a 
value of 0.56 for the ratio N4-/NÎ, while this ratio is lower at higher 
temperatures, in phase III. In phase III N-1-/NÎ shows a continuous decrease. 
At 6 Τ the magnitudes of the hyperfine field of all ions are equal, but the 
antiparallel hyperfine field decreases again near the next phase boundary. 
Between 9 and 10 Τ a phase transition is observed both in figures 4.6 and 4.7. 
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Nl/Nt decreases suddenly entering phase IV, while the antiparallel hyperfine 
field reaches its maximum value, quite similar to the transition from I to 
III. Afterwards B-l· decreases again in phase IV, before the successive 
increase at the IV ~* V transition, where all ions have parallel hyperfine 
fields (Nl/Nt = 0). 
4.4 Discussion of some models 
The Mössbauer measurements demonstrate the characteristic features of 
each magnetic phase in the phase diagram of Fel2, initially constructed from 
susceptibility measurements of Fert et al. . Phase I and V represent the 
purely antiferromagnetic and paramagnetic states, respectively. Phase II and 
IV are characterized by a constant ratio Kl/Nt of 0.56 and 0.33, respectively. 
Phase III shows a continuously decreasing amount of ions with an antiparallel 
hyperfine field, while the spin-flip time in this region is of the order of 
the Larmor precession time. 
The results can not be explained by a four sublattice model, described 
by Petitgrand et al?, in which the only existing intermediate phase would be 
phase IV (figure 4.3). Gelard et al. assume an eight sublattice model, also 
refering to the magnetic primitive cell, which contains eight spins (figure 
4.1). Using this model, four of the total of eight spins are aligned parallel 
to the external field, in phase I (ttÎÎ4444) . In phase II five ions have 
parallel hyperfine fields (ttttt-141), yielding a value of 0.60 for the ratio 
Nl/Nt. In phase IV again one of the spins realigns (Îttttt-14) , yielding 0.33 
for Nl/Nt. Above 12.2 Τ all spins have parallel hyperfine fields (tttttttt). 
The Mössbauer measurements thus give a reasonable explanation of the eight 
sublattice model. In the next part, this model is used to obtain information 
about the fundamental exchange parameters. 
4.4.1 Theory of exchange parameters 
The exchange parameters, J, are defined by Tanaka and Uryû^5-^'. J , J' 
η η 
and J", denote the parameters for the interaction of iron ions with the n t n 
η 
nearest neighbour, in the ab-plane, in the next plane and in the next nearest 
plane perpendicular to the c-axis, respectively. From the magnetic structure 
(figure 4.1) Tanaka and Uryû deduced relations between these parameters. 
In the eight sublattice model, the exchange parameters J describe 
pq 
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interactions between ions of sublattices ρ and q. Symmetry considerations 
limit the number of parameters to eight, viz. J"ip, with ρ = 1,2,3,4, 
describing the exchange interaction between ions with parallel hyperfine 
fields and with ρ = 5,6,7,8, describing the exchange interactions between 
ions with antiparallel hyperfine fields (the numbers refer to the numbers 
in figure 4.1). Furthermore the parameters J(0) and J'(0) are defined as the 
sum of the 'parallel' and 'antiparallel' exchange parameters, respectively: 
4 
J(0) = Ζ J 
P-I
 l p 
8 
J'(0) = Σ J (4.4) 
p=5 1 P 
The relations between the parameters J and the fundamental parameters, J, 
are given in table 4.2. 
Table 4.2 Relations between the fundamental 
Jii = " г + 4J3 , , j 1 2 = ilji + 4j 2 exchange parameters J b ¿г, ¿ъ> ¿и Jz 
j 1 3 = 8J 2 and J ι, and the parameters J 3 defined 
ι ι Va 
j 1 1 ( = 2Jj + 4 j 2 ^ b y Geiar¿ e t a i . lb. 
J15 - BJ) + 8J3 + 4j" 
J16 = "l + « I 
J17 = 8J2 
JIB = 2J! + 4J2 
Gelard et al.ll* derived equations for the critical fields at Τ = 0, at 
which realignment of the antiparallel hyperfine fields occurs: 
n g / / p B B! = - j 1 5 (тнш-*тпш ) . 
ng//PBB2 = -(J15 + 2Kj) ( t t t t t W - H U t t t t U ) , 
ng//MBB3 = -(2J'(0) - J 1 5 - 2K2) 
= - ( J 1 5 + 2Kj + 2K3) ( î t t î t î l l ^ t t î t t t t l ) , 
ngfV^Bb = - (2J ' (0 ) - J1 5) ( t t t t t t t J , - > t t t t t t t t ) . (4.5) 
The factor ng»u amounts to 2.1 K/T, K ,^ K2 and K3 are J i 2 , J13 °r J\k> 
depending on which sublattice is realigned. 
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4.4.2 Comparison with experiments 
All exchange parameters in equation (4.5) can be determined from the 
Mössbauer experiments, the remaining problem being the assignment of the 
values Kj, K2 and K3 to the appropriate exchange parameters. The critical 
field Bi corresponds to the transition field from phase I to phase II, which 
is 4.6 T. The critical field B2 equals the field where phase IV is entered, 
viz. 9.2 T. The experiments show, that the critical fields B3 and Bi, 
coincide, since the phase with seven parallel spins was not found. Thus 
B3 = Вц = '2.2 T. 
From equations (4.4) and (4.5) we deduce: J 1 5 = -9.7 Κ , Κχ = -4.9 К, 
K 2 = О, К 3 = -3.1 К and J'(0) = -17.7 К. The conditions of Tanaka and UryQ 
for the fundamental exchange parameters, given in table 4.3, are only 
fulfilled for K 2 = -Ιχ2 = 0, so that the interaction with the nearest and next 
Table 4.3 Conditions between the fundamental exchange parameters 
derived by Tanaka and №n/u 1 5 - 1 7 for the stable 
groundstate of fel2 (d-state). 
intraplane parameters interplane parameters 
J! < 0 j" < 0 
J? < 0 2|j'i'| > |J¡ - 2.1? | 
J] - 2J? < 0 
J2 - 2J3 > 0 
nearest neighbours in the hexagonal plane is very weak. In this case we find 
for the exchange with the third nearest neighbour in the ab-plane: J3 < -0.8 K. 
The fact, whether Kj = Ji3 or Jl¡t, changes the values of Jj and J2 only 
slightly; for J13 = Kj = -4.9 К is deduced: 
JÎ = -1.3 К 
J 2 0.6 к 
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For J 1 3 = K 3 = -3.1 К is found: 
j[ = -1.7 К 
J 2 = -0.4 К 
The calculated values of the fundamental exchange parameters are gathered in 
table 4.4. 
Table 4.4 Values of the fundamental exchange 
η J „(К) JJ,(K) J^K) 
(±o.i) (±0.2) parameters for Fel2. 
1 0 -1.5 < 0 
2 0 -0.5 
3 < -0.8 
The total magnetic coupling between successive planes of iron ions 
perpendicular to the c-axis, J2, and the total coupling within such a plane, 
,o . , Jl, are given by: 
Jl = Jll + 2 J12 + J15 , 
J2 = 2 J13 + 2Jlit 
Substitution of the derived fundamental parameters, yields: 
J° < -12.9 К 
J° = -16.0 К 
Contrary to the other iron(II) halides both these interplane and intraplane 
interactions are antiferromagnetic, in accordance with the susceptibility 
measurements of Bertrand et al. 5, although Bertrand calculates, with the 
molecular field theory: Jj = -8.3 К and J2 = -26.4 K. The discrepancy with our 
results, reflects the shortcomings of this theory, in describing the complex 
Fel2 structure. 
Gelard et al. calculated the exchange parameters J , using spin wave 
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theory, from the spin wave spectrum measured by Petitgrand et al. . 
Theoretically they deduced four excitation energies in zero field. Far 
infrared measurements in external fields18» 9 and neutron scattering 
experiments20 have shown the presence of only two magnon peaks. The exchange 
parameters can not be chosen in such a way, that the four excitation energies 
reduce to two degenerate energies, without violating the conditions 
postulated by Tanaka and Uryû15-17. It is therefore not possible to deduce 
exchange parameters from the spin wave spectrum, with the interpretation of 
Gelard et al.14. 
4.4.3 Conclusions 
The relative intensities of the two components of the Mössbauer spectra, 
recorded in the intermediate phases II, III and IV are well explained with 
the eight sublattice model. The knowledge of the nature of these phases and 
the critical fields, where realignment of spins occurs, provide direct 
information on the exchange parameters between the sublattices. Taking into 
account the derived relations for the fundamental exchange parameters, 
II 
reasonable estimates for these parameters are obtained, except for Jj. The 
most important interactions appear to be the interactions with the nearest 
neighbours along the c-axis (easy axis), (Jj = -1.5 K) and the interactions 
with the third nearest neighbours along the a-axis (between ions in zig-zag 
chains with parallel magnetic moments), (J3 < -0.8 K). 
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CHAPTER 5+ 
SLOW ELECTRONIC SPIN RELAXATION IN HIGH SPIN HEXAKIS-
(PYRIDINE-N-OXIDE)IRON(11 PERCHLORATE 
Hexakis(pyridine-N-oxide)iron(II)Perchlorate, Fe(C6H5NO) 6 (СІОі^г, has 
been studied by Mossbauer spectroscopy at temperatures between 0.4 and 4.2 К 
and at 297 K, in external magnetic fields up to 5 T. The low temperature 
spectra show slow electronic spin relaxation phenomena and magnetic ordering 
at 0.72 K. Measurements on the diluted compounds Fe Zn, (CgHsNO) g (ClOit) 2 
show that spin-spin interactions dominate the relaxation between the two 
ground state levels. All spectra are fitted with a stochastic electronic 
spin relaxation model » , assuming the presence of two components, each 
characterized by different relaxation rates. It is demonstrated, that the 
magnitude of the zero field splitting of the ground state doublet determines 
the relaxation rate3. 
5.1 Introduction 
In paramagnetic high spin iron(II) complexes the magnetic hyperfine 
field, induced on the nucleus by the 3d-electrons, is usually averaged out by 
fast relaxation between the lowest occupied electronic states. Transitions 
between these states may occur via interactions with other iron ions in a 
spin-spin relaxation process, or via phonon modes in a spin-lattice 
relaxation process. The former mechanism is concentration-dependent, the 
latter is strongly temperature-dependent. Thus far no evidence has been found 
for spin-spin relaxation processes in pure high spin iron(II) compounds. 
However, for some paramagnetic complexes hyperfine structure has been 
observed in the Mossbauer spectra, although in most cases small external 
fields are needed to reveal hyperfine splitting. Examples of such spectra 
have been measured by Zimmermann et al. and Ritter et al.1*"7. The Fe2+-ions 
in their samples have an unusual chemical environment. In other examples of 
such spectra the Fe2+-ion has an approximately octahedral environment, 
generally coordinated to six oxygen atoms . The spectra in all these 
Submitted to Chem. Phys. 
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investigations are recorded at temperatures around 4 K. At these temperatures 
the simple high spin iron(II) salts are magnetically ordered. A few 
experiments have been done on solid solutions of these salts in diamagnetic 
hosts » . In the spectra of some of these diluted samples hyperfine 
splitting, due to slow relaxation, has been observed, without applying 
magnetic fields, and Lhe relaxation rate was found to depend on the Fe 2 +-
concentration. 
Fe(C 6H 5NO) 6 (ClOi,^ has been measured by Sams and Tsin
11
 at 4.2 К in 
external fields. However, the relaxation mechanism in this compound is not 
clear from these measurements. Moreover, specific heat measurements at lower 
temperatures reveal a magnetic phase transition at 0.7 K, to a probably 
antiferromagnetically ordered phase16. 
In order to investigate both the relaxation behaviour and the ordering 
process 'Fe Mössbauer experiments were carried out on a single crystal and 
a powder sample of this compound, at temperatures between 0.4 and 4.2 K, in 
external fields, and at 297 K. 
Also measurements have been performed on samples containing the diluted 
complex, thus avoiding long range ordering effects. These samples have been 
prepared by doping the complex in the isostructural diamagnetic Zn(Il) 
complex, in various concentrations. Comparison of these measurements offers 
the opportunity to study the importance of spin-spin interactions in the 
relaxation process. 
5.2 Theory 
5.2.1 The electron energy level scheme 
The crystal structure of Fe(C6HsN0)6(С10ц)2 has been determined by 
Taylor17. The complex crystallizes in the rhombohedral spacegroup R3, having 
one molecule per unit cell (figure 5.1). The Fe 2 -ion is surrounded by six 
oxygen atoms in a distorted octahedron. The octahedron is elongated along 
the trigonal axis. 
For this type of compounds the electronic level scheme of the Fe2+-ion 
(3d6) is deduced with the Hamiltonian11: 
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Figure S.l Structure of Fe(CèH5iïO)
ь
(С10ц)2 1 7. The 
spaaegroup is Я^, in which the rhombic 
unit cell parameters are a = 0.96 A and 
a - 81.06°. Only the iron ions are 
indicated. The octahedrons of oxygen 
atoms surrounding the iron ions are 
elongated along the trigonal axis (C3). 
M=tf + Ds(L2 - 2) + X(L S + id/s + L S J ) + Do(S2 - 2) . (5.1) 
ο ζ Z Z + - - + ζ 
The Hamiltonian has been written in the equivalent operator representation, 
in terms of the orbital and spin angular momentum operators, L and S, 
respectively, which work on the set of 5D orbital functions. The first two 
terms of equation (5.1) describe the octahedral and the trigonal crystal 
field. The third term represents the spin-orbit coupling, whereas the last 
one is a spin-spin coupling term, not essential in this treatment. Since the 
octahedral field splitting in Fe 2 + 0* 10000 cm - 1) is the most important term 
in equation (5.1), the problem can be simplified considering the t2g orbital 
triplet only. The eigenstates and eigenvectors are calculated applying the 
last three terms of equation (5.1) on the t2g orbitals, defined with the 
trigonal axis as the quantization axis. In the |L,M_ >|S,M > notation they 
are given by 1 1: 
Ξ | Ο > | Μ 5 > ¡2,0 >|2,MS > 
(\Д/3|2, + 2 > - \/Т7з|2,-1 »Ι 2,М;5> =|- >|Mg > 
(\ДБ\2,-2 > + \/17з|2,
 +
 1 >)l 2,MS> =|+ >|MS > (5.2) 
where M^  and M are the z-components of orbital and spin angular momentum, 
respectively (L = S = 2). 
The equivalent operator representation of the octahedral field is^°: 
К = Dq(70 ί> - 60 L(L+1) L 2 + 50 L 2 - 12 L(L+1) + 6 L 2(L+1) 2 + 5(£** + ί>)). 
ο ζ ζ ζ + -
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In case of an elongation along the trigonal axis, the trigonal field 
splitting constant, Ds, is negative, and the ground state is a doublet. For 
large negative values this doublet consists effectively of a |- >|-2 > and a 
|+ >|+2 > state. Sams and Tsin11 calculate from their Mössbauer spectra 
measured at 4.2 К in external fields a value for Ds of -152 cm - 1, resulting 
in a doublet with a probability of 0.98 for the functions with Μ
ς
 = +2 and 
M = -2. With the calculated eigenvectors the effective splitting parameters, 
%ii and g. of the ground state doublet, can be calculated, yielding g» = 9.7 
and g, = 0 1 6. 
The degeneracy of this doublet is removed by an external magnetic field. 
This is caused by the Zeeman interaction, which does not change the 
eigenvectors of the doublet: 
3C
z
 =
 g//uBBcos9Sz , (5.3) 
in which θ denotes the angle between the direction of the magnetic field, B, 
and the trigonal axis. Since the g-factor is highly anisotropic, only the 
S -term of the Zeeman interaction is important. 
A small rhombic distortion, JC, removes the doublet degeneracy and 
mixes the two states. They become a linear combination of the unperturbed 
degenerate states and are approximately given by: 
a R 
> \\{l (\+ >|+2 > + |- >|-2 >) 
|bR > = i\/2~(|+ >|+2 > - |- >|-2 » . (5.4) 
The rhombic field term is represented by 1 1: 
3^ = Dr(L2 + ££) . (5.5) 
When the magnitude of the rhombic field constant, Dr, increases, the splitting 
of the two lowest states increases also, and other terms than M = ±2 terms 
are mixed in. 
When both 3C and JC are important, the difference, 6, between these two 
energy levels is given by 1 9: 
« = V(4g//PBBcos6)2 + Δ2 t ( 5 > 6 ) 
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in whichñ is the zero field splitting of the ground state doublet, caused 
by ïC. The states are then defined by19: 
|a' > = cosa|a > + sina|b > 
|b' > = sina|a > - cosa|b > (5.7) 
where tan 2a = Λ /4g*u Bcose and |a> and |b>are the degenerate states for 
Δ = 0. 
о 
The eigenvalues and eigenvectors of the M = z2 terms have been plotted 
in figures 5.2 and 5.3. The splitting of the ground state doublet by a 
E (cm1) 
I 
-300 
-Д00 
-500 
ι • 
-50 -100 
Ds(cm1) 
0 20 0 
Dr(cm1) Β (Τ) 
0.5 
Figure 5.2 Energies of the lowest electronic states. The lowest state is a 
doublet, the degeneration of which is removed by a rhombic field 
(Dr). The left part of the figure plots the energy, E, as a 
function of the trigonal field (Ds); the middle part shows the 
variation with Dr at a fixed value for Ds of -152 cm~l. The 
effect of a magnetic field is demonstrated for Ds - -152 cm'1 
and an arbitrary value of 30 cm~^ for Dr, in the right part of 
the plot. 
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Figure 5.3 Square eigenvectors of the M - ±2 terms of the lowest electronic 
states. For Ds = -152 cm-1 the two degenerate lowest states are 
well characterized by M
c
 - +2 and M = -2, respectively, as can 
be seen in the left part of the figure. A rhombic distortion 
mixes these states. The middle part of the figure shows the 
variation with the rhombic field (Dr). For Ds = -152 cm-1 and 
Dr - 30 cm~^ the magnetic field dependence is given: small 
external· fields remagnetize the states to the eigenvectors in 
the axially symmetric case. 
rhomb ic distortion is shown. Mixing of the M = ±2 terms by this distortion 
and remagnetization to the pure M = ±2 terms by small external fields is 
demonstrated. 
5.2.2 Electron spin relaxation mechanisms 
The Mossbauer spectra change considerably by the change in the 
probability, W , ,, of transitions between the two lowest electronic states 
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|a' > and |b' >. These transitions induce a time-dependent hyperfine field 
on the nucleus. W ,, , depends on the nature of the relaxation process. 
Within the ligand field model, the relation for the characteristic 
time, τ, for spin-lattice relaxation processes is ' . 
W ,,, = l/τ = Σ |V < a'lS S lb' >|2 , p,q = x,y,z , (5.8) 
a b ' pq Ρ q' ' 
pq 
in which V are real symmetric tensor elements of the ligand field tensor. 
pq 
To the contrary, all spin-spin interactions can be represented in 
general by the Hamiltonian . 
К = E J S, S, , p,q = χ,y,ζ , (5.9) 
ss pq lp 2q r , M '•" ' pq 
in which J is an exchange parameter and Sj and S2 operate on different ions. 
This yields for the probability of simultaneous transitions between the two 
lowest states |a' > and |b' > of two ions 2 0: 
2W , = 1/τ = Σ |J < а Ч П Ь Ч г ) ! ? . ¡ | Ь' (1 )a' (2) > ¡ 2 , 
a b ' pq ' lp 2q ' ' pq 
p.q = x.y.z , (5.10) 
in which τ now represents the spin-spin relaxation time. 
Figure 5.4 shows a qualitative comparison of the transition probabilities, 
obtained by calculating the matrix elements in equations (5.8) and (5.10), 
for various values of the parameters, determining the electronic energies 
(figures 5.2 and 5.3). In the case, that the ground state doublet consists 
of pure M = ±2 states, the value of the transition probability, W ,,,, is 
zero, which is obtained with both equations. With a small rhombic distortion 
W , , increases smoothly for spin-lattice relaxation processes (equation 
(5.8)), but increases discontinuously for spin-spin relaxation processes 
(equation (5.10)). Also the magnetic field dependence of W 1,1, derived 
with equation (5.7) is different for both kind of processes (figure 5.4). 
This qualitative model is used in the interpretation of data, extracted from 
our Mössbauer spectra. 
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Figure 5.4 Schematic plot of transition probabilities, W ,,,, obtained 
qualitatively by calculation of the matrix elements of equation 
(5.8) for spin-lattice relaxavion, and of equation (5.10) for 
spin-spin relaxation processes. The dashed line represents the 
former, the solid line the latter. The left part of the plot 
shows the variation with Ds, the middle part shows the 
variation with Dr, for Ds - -152 cm~l, while the right part 
shows the variation with an external field, for Ds - 152 cm~l 
and Dr = ¿0 crrT^. 
5.3 Experimental 
Pure Fe(C6H5N0)g(C10i,)2 was prepared according to the method of Reedijk 
and van der Kraan . The diluted compounds were made similarly, starting out 
with mixtures of Fe(H20)6 (ClOjJ 2 and Zn(H20)6 (C10i»)2. The precipitated 
mixed compound was dissolved in acetonitrile and crystallized from the 
saturated solution. The small crystals, obtained in this way, were ground 
thoroughly and the iron content was checked by atomic absorption spectroscopy. 
The powder absorbers for our Mössbauer measurements contained 0.4 - 2.4 
mg/cm2 of natural iron. 
A single crystal of the pure compound was grown from a saturated 
solution of the prepared compound in methanol3, by cooling the solution from 
20°C to -10°C at a rate of 0.3 degree/hour. The area of the largest facet, 
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normal to the trigonal crystallographic axis, was about 3 mm2. 
All samples contained less than two percent Fe(III). This amount was 
estimated from a spectrum, recorded at an external magnetic field of 5 Τ and 
a spectrum, recorded at zero field, both below the ordering temperature 
(figure 5.5). The small Fe(III) components in each spectrum have the same 
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Figure 5.5 Spectra of the powdered pure compound. 
a) The spectrum has been recorded below the ordering temperature, 
and the spectrum consists of six lines, of which the 
intensities do not show the ideal ratio, due to saturation 
effects. A small extra Fe(IIT) component at 0.1 rrm/s is seen 
in this spectrum. 
b) In this spectrum the Fe(III) component is split by the 
external field. From both spectra the amount of Fe(III) is 
estimated to be less than ΰ.Ρ,%. 
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isomer shift (0.1 mm/s with respect to α-Fe) and relative intensity (about 
2%). 
All Mossbauer measurements have been performed in а **Не bath cryostat, 
equipped with a 3He insert for measurements below 1.2 К 2 ? (section 3.2 of 
this thesis). The 25 mCi 57Co(Rh) source was held at the temperature of the 
"*He bath. Applied magnetic fields were directed parallel to the transmitted 
gamma-rays. 
All spectra showing relaxation phenomena are simulated assuming 
two spectral compounds, characterized by different relaxation times, with a 
stochastic model described by Blume and Corson2 (chapter 2 of this thesis). 
The hyperfine parameters used in these simulations have been determined from 
fits with Lorentzians of spectra, only consisting of a slow relaxing 
component. The remaining parameters, needed for the simulations, are the 
relaxation times, the fractions of the two different components, and in 
some cases the ordering parameter. Starting values of these parameters were 
obtained from the relative intensity and the linewidth of the isolated line 
at 4.2 mm/s. The final simulations are displayed on top of the corresponding 
measured spectra. Computer minimalization procedures are not possible since 
the calculation of one spectrum cosLs about thirty seconds of CPU-time of a 
IBM 370/158 computer. 
5.4 Measurements on a s i n g l e c r y s t a l 
5.4.1 The or ientat ion of the pr inc ip le axis of the EFG and the magnetic axis 
Measurements on a single crystal are needed to determine the orientation 
of the hyperfine field and the electric field gradient (EFG) with respect to 
the crystallographic axis system. Figure 5.6 gives several spectra of the 
crystal, which is mounted in the spectrometer, with its trigonal symmetry 
axis parallel to the transmitted gamma-rays. All spectra are fitted to a set 
of Lorentzians and the obtained parameters are collected in table 5.1. These 
values agree reasonably with the results of Sams and Tsin'' . 
The spectrum, measured at 297 K. has an intensity ratio, R, of 0.35 for 
the +1/2 -»»1/2 and the ±1/2 •* ±3/2 lines, indicating that the angle between 
the principal direction of the electric field gradient and the transmitted 
gamma-rays is around zero (R = 0.33). Thus this principal direction 
coincides with the trigonal axis of the crystal. 
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Spectra of a single crystal of Fe(C^B^hO) ^(СЮц)2. The upper 
spectrum, recorded at 297 K, -is a quadrupole doublet. The 
intensity ratio of both lines shows that the principal 
direction of the electric field gradient and the source-absorber 
axis coincide. The other two spectra are measured at 0.4 К, гп 
zero field and at 2.08 T, respectioely. The hmj = 0 lines are 
absent, so that the effective magnetic field is also parallel 
to the source-ábsorüer axis. The solid lines represent fits to 
a set of Lorentzians, the parameters of which are given in 
table 5.1. 
Table 5.1 Hyperfine parameters, obtained from spectra of a single crystal 
of Fe(CbUbNO)k(ClOk)? at 0.4 and 297 K. The hyperfine field, 
Β, , is calculated from the effective field, by subtracting the 
external field, В . 
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The other spectra in figure 5.6 are measured at 0.4 К in zero field and 
in an external field of 2.08 T. The Δπι = 0 lines are absent, so that the 
hyperfine field is also aligned parallel to the trigonal axis. 
5.4.2 Magnetic ordering 
The magnetically split spectra in figure 5.6 both consist of a single 
four line pattern. Therefore the antiferromagnetic exchange interaction 
below 0.72 K, suggested by Algra et al. 1 6, could not be confirmed. However, 
the exchange field, calculated from their results (0.06 Τ), is very low and 
consequently the MÖssbauer measurements in external fields above 0.06 Τ 
show the presence of only one spectral component, with the hyperfine field 
parallel to the external field. Applied fields less than 0.2 Τ do not reveal 
the difference between ions with opposed directions of the hyperfine field 
in the antiferromagnetic phase, in MÖssbauer spectra. 
5.4.3 Electron spin relaxation 
The spectra displayed in figure 5.6 show a quadrupole doublet at 297 К 
and a magnetically split spectrum at 0.4 K. These spectra are expected in 
the limits of fast and slow electron spin relaxation, respectively. 
Intermediate spectra are measured in the temperature range from 0-5 K. 
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Spectra of Fe(C^H5'!0)^(СІО^)2 ατ 4.2 К in zero field. The first 
spectrum, of a single crystal, consists of two oonponents, with 
different electronic spin relaxation rates. The spectra for the 
limits of slow and fast relaxation are indicated by two schematic 
bar spectra. The spectrum is simulated without òmT - 0 lines. 
The second spectrum, of randomly oriented small uncrushed 
crystals, does show these lines. 
Figure 5.7 consists of two spectra, recorded at 4.2 K. The coexistence of a 
sharp line at 0.1 mm/s, the ±1/2 -^+1/2 transition of the spectrum in the 
fast relaxation limit, and the remaining spectrum showing a well-developed 
hyperfine structure, observed in the slow relaxation limit, is remarkable. 
The spectra corresponding to both limits are indicated schematically by 
stick spectra. The spectrum of the single crystal is simulated assuming two 
spectral components, each characterized by different relaxation rates. The 
&m = 0 lines are absent in the spectrum of the slow relaxing component. 
This is obvious, when the spectrum is compared to a spectrum of small 
uncrushed crystals, which are randomly oriented. Again the spectrum seems to 
consist of two components, but the Am = 0 lines are present in this case. 
We conclude that the direction of the hyperfine field is along the 
trigonal crystallographic axis, within the temperature range of our 
measurements. Transitions between the lowest electronic states cause flips 
of the electronic spin between the parallel and the antiparallel orientations. 
The principal direction of the electric field gradient is also parallel to 
the trigonal axis, so that the electric field gradient is axially symmetric 
(η = 0). 
5.5 Measurements on powders of Fe Zn, (C,hLN0),(Cl 0, ) _ 
Χ I - Χ 6 5 о 4 ' 2 
5.5.1 The pure compound (χ = 1) 
A sample of the Mössbauer spectra of powdered Fe(C6H5N0) g (ClOi,^, 
measured at various temperatures (T < 4.2 K) is shown in figure 5.8. These 
spectra are also indicative of the coexistence of fast and slow relaxing 
spins. The 4.2 К spectrum consists mainly of a deformed quadrupole doublet. 
The high velocity line is more broadened by the net magnetic field on the 
nucleus, as a result of slow relaxation. The spectrum does not change 
significantly when the temperature is lowered to 0.88 K. Below this 
temperature the compound orders within 0.2 degree, accompanied with drastic 
changes in the spectrum. The solid lines in figure 5.8 are simulated spectra. 
A. Simulation procedure 
Simulated spectra are calculated with a computer programme, described 
in section 2.3. The input for this programme consists of the hyperfine 
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parameters (IS, QS and В
 f f ) and the relaxation parameters. 
The hyperfine parameters are obtained from fits of Lorentzians to 
spectra, measured in the ordered phase (figure 5.5, 0.38 K). The values are 
given in table 5.2. 
Table 5.2 Hyperfine parameters, obtained from spectra, recorded in the 
ordered phase, of pure powdered samples of Fe(C6H5i\0)6(СІ0ц)2-
T(K) 
(±0.01) 
0.59 
0.38 
+ 
with re í 
IS(mm/s) 
(±0, 
1. 
1. 
.003) 
.055 
,057 
;pect to α-Fe 
QS0 
(±0 
1 
I 
шп/s) 
.01) 
. 8 6 
. 8 6 
B, (T) 
(±0. 
13. 
1 3 . 
0 3 ) 
98 
92 
Г(mm/s) 
(±0. 
0. 
0 . 
. 0 1 ) 
,33 
.28 
The simulated spectra are again assumed to consist of two components, 
characterized by different relaxation rates. Thus they are generally 
determined by four independent parameters: two relaxation times, τ and τ. 
of the slow and fast relaxing component, respectively, the fractions of 
both components, ρ and p., and the ordering parameter, M, defined as the 
difference in probabilities of the two possible orientations of the 
electronic spin for each ion. 
At low temperatures (T < 0.59 K) the compound is completely ordered 
(M = 1) and only the slow relaxing spectral component remains, thus reducing 
the number of independent parameters to only one (τ ). M = 0 holds for 
higher temperatures (T > 0.88 K) and the number of independent parameters 
is three (τ , τ. and ρ ). The spectra in these two temperature ranges were 
simulated first. The relaxation rates are reproduced in figure 5.9. In a 
plot of log τ versus 1/T the values of τ , determined above and below the 
ordering temperature are on a straight line, so that the probability of 
transitions between the lowest electronic states follows a Boltzmann 
behaviour. This is also assumed for τ_. The relaxation times in the 
intermediate temperature range (0.59 К < Τ < 0.88 К) are obtained by 
interpolation from the values, deduced from the spectra in the other ranges. 
The final simulations of the spectra in the intermediate range were done by 
adjusting Μ, ρ and p f. The temperature dependence of M and ρ is shown in s t s 
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Figure 5.9 Relaxation times, τ and τ-, for Fe(C&H5tlO)с,(СІ0ц)2. The fast 
s
 J 
component does not exist in the ordered phase. The values given 
for Τ < 0.59 К and Τ > 0.88 К are obtained from simulated 
spectra, the values in the intermediate temperature range are 
interpolated values, yielding good simulations. The slopes of 
the lines give an estimated value of the splitting of the 
ground state doublet (0.2 -0.3 am-1). 
figures 5.10 and 5.11, respectively. 
B. Conclusions 
In summary, the most important result is the validity of the model based 
on the assumption of the presence of two components, characterized by 
different relaxation times. The long relaxation time is about twenty times 
longer than the short one. Furthermore, the fraction of the slow relaxing 
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Figure S.10 The fraction of the slow relaxing component in Fe(C&H5NO)ъ(С10ц)2, 
ρ , as a function of the temperature, determined from simulated 
spectra. The steep increase at 0. 72 К coincides with the 
ordering process. 
Л(К) 
Figure 6.11 The ordering parameter, M, as a function of the temperature. 
The system orders at 0.72 K. The results are deduced from 
simulated spectra. 
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component, ρ , increases, when the temperature is lowered. Both ρ and M 
show a simultaneous jump at 0.72 K. Finally, the spectra above the ordering 
temperature have a constant fraction of the slow relaxing component 
(p = 0.24 + 0.03). r
s 
5.5.2 Diluted powders (x = 0.47, χ = 0.16) 
Mössbauer spectra of Feo .W7Zn0 . 5з(СбН5ІТО)6 (ClOi,) 2 are displayed in 
figure 5.12a. The spectra are measured at 4.2 К in zero field and in small 
external fields (0 < В .. < 0.5 Τ). Figure 5.12b shows two spectra of 
ext ь v 
Fe 0. і6
2п0.8'4(с6н5ко)б(с1Оі*)2 a t ^ · 2 κ· T h e spectra of the diluted powders 
are again indicative of the presence of two components with different 
relaxation times. The zero field spectra have +1/2 •* ±3/2 lines at 2 mm/s, 
which are narrower than in the pure compound. Therefore, τ,, the relaxation 
time of the fast relaxing component, must be shorter and this effect is 
more pronounced for the more diluted sample. Furthermore, the fraction of 
the slow relaxing component, increases with the applied field as can be 
seen from the intensity of the peak at 4.2 mm/s. The solid lines in the 
spectra are again the result of simulations. 
A. Simulation procedure 
The simulated spectra are calculated from a set of hyperfine parameters 
and the three relaxation parameters, τ , τ. and ρ . The spectrum in figure 
5.12b recorded at 0.25 Τ is fitted with a set of Lorentzians in order to 
obtain the hyperfine parameters. This is possible in this case, since the 
spectrum only consists of the slow relaxing component. 
Table 5.3 Hyperfine parameters, obtained from spectra of the diluted 
compounds, measured at 4.2 K, in an applied field, with only 
slow relaxing spins. 
X 
0.16 
0.47 
B
e,a< T > 
(±0.01) 
0.25 
0.30 
IS(rm/s) 
(±0.03) 
1.02 
1.03 
qs(mm/s) 
(±0.03) 
I.S6 
1.87 
B. (T) 
(±0.06) 
13.57 
13.52 
r(ram/s) 
(±0.03) 
0.39 
0.35 
with respect to a~Fe 
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Figure 5.12 a) Mössbauer spectra of Fe§m^Zn§_
 53(CsH5NO)^ІСІОц)2. All 
spectra are measured at 4.2 K. The solid lines are 
simulations, calculated with the hyperfine parameters, given 
in table 5.3 and the relaxation parameters, plotted in 
figures 5.13 and 5.14. Bar spectra indicate the spectra in 
the limits of fast and slow relaxation, 
b) Mössbauer spectra of Ре0>1&гп0-а^(СеН5МО)&(С1О^)2 at 4.2 K. 
The spectrum at 0.25 T, mainly consisting of the slow 
relaxing component, is fitted to a set of Lorentzians, in 
order to obtain the hyperfine parameters (table 5.3). Bar 
spectra indicate the spectra in the limits of fast and slow 
relaxation. 
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Bext(T) 
Figuve S.13 The fraction of the slow relaxing component, ρ^, as a function 
of the applied field, В , for i'e0> i^ Zng. 53(Cç,H5NO) (СІО^) 2· 
Figure 5.14 The relaxation times, τ and τ-, as functions of the applied 
field, b
ext, for Fe0,k7Zn0.53(CèH5NC)b(ClO4)2. 
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Table 5.3 gives the hyperfine parameters for both diluted samples. The 
values of the hyperfine fields are slightly smaller than for the pure 
compound. The relaxation parameters of Fe0 .47^0 . 53 (C5H5NO) 6(С10ц)2 are 
collected in figures 5.13 and 5.14. The former figure shows that the fraction 
of the slow relaxing component, ρ , increases gradually with the applied 
field. The relaxation times, τ and τ,, are reproduced in the latter figure, 
and increase as a function of the external field, remaining constant above 
0.2 T. 
The temperature-dependence of the relaxation parameters of the diluted 
compounds is checked by repeating the zero field experiments at 1.3 К and 
0.4 K. The spectra are very similar to the spectra measured at 4.2 K: the 
relaxation times increase slightly at lower temperatures, like in the pure 
compound, but the fractions of both spectral components do not change and 
ordering effects are not observed. 
B. Conclusions 
The relaxation times, τ. and τ , and the fraction of slow relaxing spins 
all increase with increasing external field. The relaxation parameters 
obtained from spectra in zero field at 4.2 К for all measured powder samples 
(x = 1, χ = 0.47 and χ = 0.16) are collected in table 5.4. Decreasing the 
iron content apparently results in longer values of τ and shorter values 
of τ,. 
Table 5.4 Relaxatiorfparameters of the powdered samples at 4.2 К in 
zero field. 
χ ι (10"" s) г
с
(1СГ > s) ρ 
S l r s 
(+0.02) (+0.2) (±0.2) (+0.04) 
1 0.4 2.4 0.27 
0.47 1.0 1.5 0.29 
0.16 3.0 0.5 0.46 
5.6 Discussion and conclusions 
All spectra can be simulated assuming two spectral components of Fer­
ions, characterized by largely different relaxation times, both of which are 
not strongly temperature-dependent. The fast relaxation time is influenced 
by magnetic fields if the associated Zeeman energy is larger than the zero 
field splitting, Δ , originating from a rhombic distortion. In this case 
remagnetization of the two lowest electronic levels takes place, resulting 
in longer relaxation times. The measurements on the pure compound show, that 
the exchange field, acting in the ordered phase, is large enough to magnetize 
the lowest levels separated by the highest Λ 0 values (Δ < 1 c m
- 1 ) . The 
average value of Δ for fast relaxing spins, calculated from the temperature-
dependence of the relaxation times (figure 5.9) is about 0.2 cm . However, 
a part of the Fe2+-ions shows slow electron spin relaxation in zero field 
high above the ordering temperature. Also, the ground state doublet can not 
be degenerate in this case, as is dictated by the Jahn-Teller principle. 
Therefore the two lowest levels of these Fe2+-ions must have very small Δ 0 
values, so that they are even magnetized by the very weak hyperfine field, 
induced on the electrons by the nuclei (0 < Δ < 0.01 c m - 1 ) . 
The presence of more spectral components has also been observed by Sams 
and Tsin11 and Howes et al. 3, in measurements at 4.2 K. Howes interpreted 
his spectra with simulations, based on a distribution of zero field 
splittings, Δ 0, of the ground state doublet. For the fast relaxing component 
he found Δ 0 ** 0.3 cm
- 1
, which agrees well with our results. Howes stated, 
that the distribution of splittings is induced by strain effects, which can 
be a result of crushing. This is supported by our Messbauer measurements. 
It can be understood from comparison of the 4.2 К spectra of the single 
crystal and the small uncrushed crystals (figure 5.7), and the powder sample 
made from crushed small crystals (figure 5.8). The fraction of the slow 
relaxing component decreases by crushing of small crystals, while the largest 
fraction is observed in the single crystal. 
The fast relaxing spins in the diluted compounds have shorter relaxation 
times than in the pure compound. This is probably caused by mixing of the 
ground state doublet with other orbitals, by additional distortions, induced 
by the Zn(II) host lattice. This is confirmed by the higher applied fields, 
required to magnetize the two lowest levels. Fields up to 0.3 Τ are needed, 
in order to obtain only slow relaxing spins, corresponding with a maximum 
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value of about 5 cm for Δ . The average Δ for fast relaxing ions can be 
estimated from the following equation": 
hyp 
4g^y g B cos9 
V(4g//PBB cosO) 2 + Δ2 
'
 B
 ,- (5.11) 
The hyperfine field, B. , is taken from table 5.3. The value of В used J r
 hyp sat 
is 14.0 T, the highest measured value of the hyperfine field. In this way we 
obtain a value of 1.2 cm - 1 for the average Δ for fast relaxing spins. 
However, also the diluted compounds have a fraction of ions with very small 
values of Δ (table 5.4). 
о 
According to this table, the relaxation times of the slow relaxing ions, 
τ , measured in zero field at 4.2 K, increase proportionally with the 
inverse iron concentration, so that spin-spin relaxation is the fastest 
relaxation process in these samples. This is further confirmed by the large 
differences in relaxation times, τ and τ , which correspond with the large 
differences in the transition probability, W ., ,,as a function of the 
a b 
magnetic field (figure 5.4), found for the spin-spin relaxation process. 
The increase of τ with increasing applied field (figure 5.14) is partly 
caused by magnetization of the lowest electronic energy levels and partly 
by the increasing energy difference of these levels. 
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CHAPTER 6 
ELECTRON SPIN RELAXATION IN SOME I RON(I I)SALICYLALDIMI NES 
6.1 Introduction 
Iron(II)salicylaldimines contain high spin Fe -ions surrounded by the 
Schiff-base salicylaldimine (figure 6.1). These compounds have two bidentate 
Figure 6.1 Structure formula of R-salicyl-
aldimine. R is an alky I group. 
ligands per Fe^+-ion and they will be denoted throughout this chapter as 
Fe(Rsal)2i where R represents various alkylgroups. Due to their sensitivity 
to air these high spin iron(II) compounds have not been extensively studied. 
Several authors have reported "Fe Mössbauer measurements of iron(II) 
chelates of Schiff-bases , but in most cases ^ the actual measurements 
were carried out on oxidation products. 
Mössbauer spectra at 4.2 К and 95 К and optical spectra at 300 К of the 
divalent species are reported by de Vries et al.6> , who performed the 
syntheses and the measurements under anaerobic conditions. The aim of their 
investigation was the study of the variation of the Mössbauer hyperfine 
parameters with the substitutional R group. Their isomer shifts, IS, and 
quadrupole splittings, QS, are collected in table 6.1. Elemental analysis 
demonstrated the presence of water in Fe(t-busal)2 and Fe(phsal)2, while 
the spectral parameters of the latter two compounds are indicative of FeOg-
coordination. The influence of the R-group in the other samples seems very 
small, except for R = iso-propyl. The Mössbauer and optical spectra of 
these samples agree with an octahedral environment of the Fe2+-ion, of two 
nitrogen and four oxygen atoms. The proposed structure is polymeric with 
Fe...0...Fe bridges (figure 6.2). 
From the temperature-dependence of the quadrupole splitting a model for 
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Table 6.1 Moesbauer hyperfine parameters of some Fe(Rsal)2 chelates, 
measured by de Vries6. 
R 
methyl 
ethyl 
propyl 
butyl 
iso-butyl 
ічо-ргоруі 
tertiary-bu 
phenyl 
tyl 
IS(mm/s) 
(+0.01) 
0.97 
0.95 
0.95 
0.97 
0.96 
0.75 
0.75 
1.12 
QS(mm/s) 
(+0.01) 
2. 19 
2.11 
2.07 
2. 10 
2.08 
1.54 
1.76 
2.48 
T(K) 
4.2 
4 2 
95 
95 
95 
4.2 
95 
95 
with respect to α-Fe 
N N KJ N J N 
Figure 6.2 Polymeria structure 
of Fe(Rsal)2 with 
Fe.. .0.. .Fe bridges, 
proposed by de Vries6. 
the splitting of the electronic levels of these chelates is deduced by de 
Vries6. Figure 6.3 shows the resulting schematic level scheme. The t2g levels 
are split by a tetragonal crystal field (JC). The degeneracy that remains 
after application of the spin-orbit coupling term (JC
n
) is removed by an 
additional rhombic distortion (jK.). The effect of the Zeeman interaction (JC) 
К L 
is also indicated. 
The deviating hyperfine parameters of Fe(i-propsal)2 indicate an 
electronic level scheme that differs from that of the first five compounds 
of table 6.1. The optical spectrum shows two bands at 9000 and 12000 cm - 1, 
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Ho + HT * Hso • H R * H z 
Figure 6. S Electronic level scheme of Fe(Rsal)
 2' (see text). 
implying that the surrounding of the Fe 2 + _ion is also octahedral, but it 
does not give further details. 
It is interesting to note that the Mossbauer spectrum of Fe(etsal)2 at 
4.2 К shows a broadened high velocity line, which can not be caused by the 
Goldanskii-Karyagin effect6 (section 2.2.3), and may be explained by 
relaxation phenomena (section 2.3). Mossbauer spectra of Fe(i-propsal)2 in 
small external magnetic fields show relaxation effects as well. 
In some cases spectra in the presence of slow electron spin relaxation 
yield a more refined electronic level scheme (chapter 5). This is the aim 
of the study of a series of Mossbauer spectra of Fe(i-propsal)2 recorded at 
0.4 and 4.2 К and in external fields up to 4 T, presented in this chapter. 
Mossbauer spectra of Fe(propsal)2 and Fe(busal)2 are discussed for reasons 
of comparison. 
6.2 Experimental 
The samples were synthesized by de Vries6 under anaerobic conditions. 
The Mossbauer absorbers (2 mg natural iron per cm ) were prepared in a glove 
box with dry nitrogen. The powdered sample was placed in a lucite pill-box, 
which was then sealed with araldite. Fe(i-propsal)2 did not contain Fe(III) 
oxidation products, but Fe(propsal)2 and Fe(busal)2 were partly oxidized, 
which could be seen from the Mossbauer spectra. It appeared that 
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Fe(i-propsal)2 is more stable than the other two compounds. 
The measurements at 0.4 К were carried out in the 3He cryostat insert, 
described in section 3.2. The 57Co(Rh) source (25 mCi) was held at the 4He 
bath temperature, and external magnetic fields were directed parallel to the 
source-absorber direction. 
The magnetically split spectra consist of eight lines and consequently 
they were analysed according to the method given by van Dongen Torman et al. . 
Not magnetically split spectra were fitted to Lorentzian lines. The spectra 
characterized by fast electron relaxation were simulated with a computer 
programme, which calculates Mëssbauer spectra from the isomer shift, the 
quadrupole splitting and a set of electronic parameters . In this programme, 
the contribution to the internal magnetic field of each electron orbital is 
calculated from the tetragonal crystal field splitting constant, Dt, the 
rhombic splitting constant, Dr, and the spin-orbit coupling, λ. The external 
field is added after taking the Boltzmann thermal average over all orbitale, 
yielding the total effective magnetic field. Some spectra, characterized by 
intermediate relaxation rates were simulated with the computer programme, 
after the model of Blume , described in chapter 2. 
6.3 S p e c t r a of F e ( i - p r o p s a l ) 
Mössbauer s p e c t r a of F e ( i - p r o p s a l ) 2 a t 0 .4 К i n s m a l l e x t e r n a l f i e l d s 
(B < 0 . 5 T) a r e shown i n f i g u r e 6 . 4 a . The z e r o f i e l d s p e c t r u m i s a 
ext ° 
quadrupole doublet, indicative of fast electron spin relaxation (τ < 10 s). 
In the other spectra the mean effective magnetic field increases gradually 
with the external field, which is also characteristic of fast relaxation10. 
At 0.5 Τ the internal magnetic field appears to be saturated. 
Spectra at 4.2 K, recorded in higher fields (0.5 Τ < В < 4.2 Τ) are 
displayed in figure 6.5. The zero field spectrum at 4.2 К is a quadrupole 
doublet again (not shown). In external fields the spectra show remarkable 
differences with the series recorded at 0.4 K. Firstly, the spectrum at 
0.5 Τ seems to consist of two components. In addition to the spectral 
component, which is essentially a quadrupole doublet, a magnetically split 
component has evolved, due to slow relaxation, and the spectrum can not be 
Sampers, J., unpublished, available on request. 
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О 2 i, 
VELOCITY (MM/SEC 
0 2 4 
VELOCITY (MM/SEC) 
Figure 6.4 Mössbauer spectra of Fe(i-propsal)ζ ot 0.4 K. 
a) Measured spectra. 
b) Simulated spectra in the fast relaxation limit. 
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Figure 6.5 Mössbauer spectra of Fe(i-propsal)2 at 4.2 K. The solid lines 
are simulations with the relaxation model of Blume, described 
in the text. 
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interpreted with a single relaxation time. Secondly, at higher external 
fields the fraction of the magnetically split component increases, while the 
magnitude of the internal magnetic field does not change for all spectra at 
4.2 K. At 2.1 Τ the quadrupole doublet has vanished and the spectrum is 
similar to the 0.5 Τ spectrum at 0.4 K. The powder spectra at higher fields 
(4.2 T) have broader lines, but essentially do not differ. 
6.3.1 Interpretation 
The isomer shift, IS, and quadrupole splitting, QS, are obtained from 
a fit to a set of Lorentzians of the zero field spectrum at 0.4 К (figure 
6.4a). The magnetically split spectra, recorded at 0.4 К and 0.5 Τ (figure 
6.4a), and at 4.2 К and 2.1 Τ (figure 6.5), consisting of eight lines, were 
fitted to four pairs of Lorentzian lines, separated by the magnetic 
splitting of the I = 1/2 ground state levels. Also in this case the values 
of IS and QS can be determined uniquely from the resulting line positions 
and the magnetic splitting, whereas the asymmetry parameter, η, the 
principle element of the electric field gradient tensor, V , and the polar 
angles, θ and φ, may have a range of mutually related values . The resulting 
hyperfine parameters are given in table 6.2. Three values of η, eQV^/2, θ 
Table 6.2 Mössbauer hyperfine parameters of Fe(i-propsal)2· 
ISCmi/s) QSOm/s) 
(±0 01) (iO 01) 
«Sïair, 
0 ή 0 0 64 
0 4 0 5 0 66 + 
+ 
. 
• 
. 
* 
1_ц2 
1 46 
50 
46 
1 За 
1 11 
0 82 
0 67 
0 52 
0 59 
0 96 
I 22 
13 з 
17 8 
.ύ 06 
32 2 
27 6 
Ιβ 1 
В9_з 
36 2 
0 3 
0 2 
34 9 
89 6 
with respect, to α-Fe 
0 < η < ] (set· reference θ) 
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and φ per measurement, reflect the possible ranges of these parameters for 
V > 0 6. These hyperfine parameters were then used in simulations and the 
best results were obtained for the largest possible value of the asymmetry 
parameter, η = 0.82. The corresponding complete parameter set is underlined 
in table 6.2. 
A. Spectra recorded at 0.4 К 
Simulated spectra (figure 6.4b) were calculated assuming fast relaxation. 
The calculation is performed with the model of de Vries6 (figure 6.3). The 
equivalent operator representation for a tetragonal and a trigonal crystal 
field term are identical considering only terms quadratic in L ^ , and 
consequently the Hamiltonian used in this calculation is comparable to the 
Hamiltonian used in the previous chapter: 
3C = К + Dt(L2 - 2) + Dr(L2 + L 2) + X(HL S + L S ) + L S ) ,(6.1) 
ο ζ + - + — - + Z Z 
where Dt represents the tetragonal field splitting constant. The other 
symbols have been defined in section 5.2. The spectra of figure 6.4b were 
calculated with the set of hyperfine parameters, underlined in table 6.2. 
The electronic parameters for these simulations are: 3Dt = -500 cm" , Dr = 0 
and λ = 80 cm" . The shape of the spectra does not change inserting lower 
values for the tetragonal splitting (3Dt < -500 cm" ) or small values for 
Dr(|Dr| < 20 cm ) . The changes in the measured spectra with increasing 
external magnetic field are well reproduced in the simulated spectra. In 
the spectrum calculated for В = 0.5 Τ, the effective field is about 7% r
 ext 
larger than in the measured spectrum. This is caused by covalency effects, 
affecting the constants Β , В and В (section 2.1.3), which determine the 
various contributions to the effective magnetic field. The tetragonal field 
splitting can be derived from the optical spectrum6: 3Dt = -2200 cm - 1. This 
is in agreement with the possible range of parameters with which the spectra 
can be simulated. 
The electronic level scheme is qualitatively similar to that of 
Ре(С6Н5ЖЭ)6(С104)2
 1 2
 (chapter 5). The zero field splitting of the isolated 
doublet ground state, consisting of linear combinations of the spin functions 
M = +2 and M = -2,is very small (0 < Δ < 0.1 cm-1),(figure 6.3). The 
gradually increasing magnetic splitting in the spectrum is not caused by 
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3 Dt= -500 c m " 1 
D r = o 
B e x t = 0ST 
T = l 2K 
\ 
I , - - " 
I . 
' I 
I , 
l 
ïi.scr' -f,SIC 
Figure 6.6 Simulated spectrum of Fe(i-propsaí)2 at 4.2 К and О.Ь 'Г 
in the fast relaxation limit. 
changes in the relaxation rate, since all spectra can be simulated in the 
fast relaxation limit. Therefore, it originates mainly from the dépopulation 
of the highest doublet level by the magnetic field. This means that the 
doublet splitting must be of the order of kT (* 0.3 cm - 1). 
B. Spectra recorded at 4.2 К 
The spectrum recorded at 0.5 Τ (figure 6.5) can essentially be 
described as a superposition of a deformed quadrupole doublet (fast 
relaxation) and a magnetically split spectrum (slow relaxation). However, 
the fractional population difference of the levels of the ground state 
doublet at 4.2 К is about 0.10, which is too small to account for magnetic 
splitting in the Mössbauer spectrum. To illustrate this the spectrum has 
been simulated in the fast relaxation limit with the model of de Vries6, 
using the parameters 3Dt=-500 cm-1, Dr = 0, В = 0.5 Τ and Τ = 4.2 К. 
The result is shown in figure 6.6 and it is clear that the feature at 
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2.5 nim/s arising from magnetic splitting is not reproduced. Hence the 
magnetic splitting in the measured spectrum, originates from slow electron 
spin relaxation. Consequently the spectra recorded at 0.5 and 0.8 Τ were 
simulated with the Blume model, assuming two components with different 
relaxation rates. The results of the simulations are given by the solid 
lines in figure 6.5, the correspondence is satisfactorily. In table 6.3 the 
fractions and relaxation rates are given. One may infer from this that the 
fraction of the slow relaxing component increases with the field. The 
spectrum at 2.1 Τ is fitted reasonably with a slow relaxing component only. 
Table 6.3 Fractions of slow (p ) and fast (pj relaxing components and 
s
 I 
their relaxation times * τ and τ j , , as a function of the 
s
 J 
external field , В . , for Fe(i-propsal)2-
B o x t ( T ) 
0 . 5 
c.e 
2. 1 
(J-0.03) 
0.15 
0.71 
1.0 
τ 5 « I0~
9 (s) 
U I . 0 ) 
1.0 
5 . 0 
10.0 
p £ 
(±0.03) 
0.85 
0.29 
0 . 0 
t f » 10~<>(s) 
(+1.0) 
6 . 0 
6 . 2 
6.3.2 Conclusions 
The hyperfine parameters confirm the geometrical structure, given in 
figure 6.2. The negative tetragonal field splitting (3Dt = -2200 cm" ) 
corresponds with an elongation of the octahedron along the tetragonal axis 
(N-Fe-N). The four oxygen atoms surrounding the Fe2+-ion are not axially 
symmetrically situated. Two oxygen atoms will have larger distances to the 
Fe2+-ion than the other two. However, the rhombic distortion of axial 
symmetry is small, which follows from the small zero field splitting of the 
ground state doublet (Δ < 0.1 c m - 1 ) . Apparently, the four oxygen atoms 
surrounding the Fe2+-ion have only slightly differing Fe-0 distances, which 
may also explain the stability of the complex, compared to other iron(II)-
salicylaidimines. 
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The effective magnetic field, which is in the yz-plane, makes an angle 
of about 13° with the z-axis of the EFG (table 6.2). It decreases with 
increasing external field, so that the orbital, generating the hyperfine 
field opposed to the external field, has the lowest energy. 
Furthermore, this complex is another example of slow electron spin 
relaxation in small external fields. The combination of a very small zero 
field splitting of the electronic ground state doublet and fast relaxation 
at 0.4 К in zero field provides strong evidence for the fact that spin-spin 
interactions dominate the relaxation process (figure 5.4). 
6.4 Spectra of other sal icylaldimines 
Figure 6.7 shows Mossbauer spectra of Fe(propsal)2 and Fe(busal)2· The 
spectrum at 77 К of Fe(propsal)2 indicates the presence of 6% iron(III). 
The low temperature spectrum (4.2 K) has a very complicated structure. The 
structure of the spectrum of Fe(busal)2, recorded at 1.2 K, is similar, but 
better resolved. The spectra are not yet interpreted. The many lines can not 
be assigned with the assumption of several possible relative orientations 
of the magnetic axis and the principle axis of the EFG. 
This implies that the detailed electronic level scheme for these 
compounds must be very different from that of Fe(i-propsal)2· The level 
scheme must have several levels within 1-2 cm from the lowest level. 
Furthermore the electron spin relaxation must be slow, so that the,Mossbauer 
spectrum consists of a superposition of subspectra, with different hyperfine 
fields, each induced by an occupied electronic orbital. In order to obtain 
such an electronic level scheme, two of the last three terms of the 
Hamiltonian of equation (6.1) must be comparable in magnitude. The 
possibility of a large rhombic distortion ([Dr| =* 100 cm - 1) induced by the 
substitutional R-groups is unlikely. 
The optical spectra of these compounds offer another possibility. They 
show one broad band at 9000 cm"1 and a charge transfer band at 11000-12000 
cm
- 1 6
. If this charge transfer band does not conceal other d-d bands, the 
tetragonal field splitting, 3Dt, must be much smaller in these systems, as 
compared to the tetragonal splitting in Fe(i-propsal)2. 
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Felprossa ! 2 
T= 77 К 
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Felpropsal); 
Felbusal), 
T = 1 2 К 
Figure 6.7 Mössbauer spectra of Fe(propsal)2 at 77 К and 4.2 К and of 
Fe(busal)2 at 1.2 K. 
6.5 C o n c l u d i n g remarks 
The Mössbauer and optical spectra of Fe(i-propsal)2 and other 
Fe(Rsal)2 compounds, show remarkable differences, reflecting unlike 
electronic level schemes. The level scheme of Fe(i-propsal)2 is qualitatively 
comparable with that of Fe(C6H5N0)6(C104)2. I c is characterized by an 
isolated ground state doublet with a small zero field splitting, caused by a 
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rhombic distortion. The tetragonal field splitting, obtained from optical 
spectra, amounts to -2200 cm" . The level schemes of Fe(propsal)2 and 
Fe(busal)2 have various levels within 1-2 cm from the lowest level, 
arising from small tetragonal field splittings. The substitutional R-groups 
probably do not increase the Fe-N distance as much as in Fe(i-propsal)2. 
However, the Mössbauer spectra at low temperatures require slow 
electron spin relaxation between the electronic levels. Mössbauer 
experiments at temperatures between 4.2 К and 77 К are needed to explain 
the low temperature spectra explicitly. 
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CHAPTER 7 
MAGNETIC ORDERING IN Ce^Eu/l,, INTERMETALL I CS 
7.1 Introduction 
Investigations of lanthanide-aluminium (RAI2) intermetallics have been 
reviewed1'2. The study of the magnetic properties of the lanthanide ions in 
this type of intermetallics is facilitated since the aluminium core is non­
magnetic. All intermetallics of this type and the more general R R'Al. 
type crystallize in the cubic Laves-phase structure of MgCu2· 
Most RA1 2 intermetallics order ferromagnetically, except YAI2 and LUAI2, 
which remain paramagnetic1 and EuAl 2
3
 and CeA^ 2' 1* - 7, which order antiferro-
magnetically. The magnetic behaviour in these compounds originates from 
exchange between the 4 f and the conduction electrons. According to some 
authors the antiferromagnetic coupling in СеАІ2 is probably due to the 
large 4f-orbitals of Ce' , enhancing direct exchange interactions, whereas 
in the other trivalent lanthanide intermetallics indirect exchange 
interactions predominate2. The antiferromagnetic character of EUAI2 is 
related to the divalent charge state of europium . 
The ternary systems (R R'Al ) have been widely investigated 1 - 3' 8 - 1 0 
also. The type of magnetic ordering in these systems is predicted by the hypo­
thesis of Swift and Wallace2. It uses the fact that the magnetic moment in 
-• 
lanthanides is determined by the J vector (Russell-Saunders coupling). The 
hypothesis that the spins, S, of R and R' always couple ferromagnetically, 
implies ferromagnetic ordering if R and R' are both light (R = La through Eu) 
or both heavy (R = Gd through Lu) lanthanides and ferrimagnetic ordering 
if one is a heavy and the other is a light one. 
In view of the antiferromagnetic ordering of СеАІ2 and EUAI2, the 
ternary intermetallics containing Ce or Eu are expected to show deviating 
properties. They have been investigated for R = Eu and R' = La and Yb. The 
magnetic susceptibilities have been measured3, in order to study the effect 
of the conduction electron concentration . Mössbauer spectroscopy has been 
used to determine the contributions to the hyperfine field on the Eu 
nucleus^'1(^. Ce Th Al intermetallics have been studied by Croft and 1-х χ 2 ' 
Levine , who investigated the moment reduction of Ce 3 + by non-magnetic 
effects. 
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The paramagnetic properties of the series Ce Eu Al have been 
measured by Swift and Wallace . In this chapter '^ Eu Mössbauer measurements 
on intermetallics of the series Ce, Eu Al are presented. The ordering 
1-х χ 2 v ъ 
temperatures and the saturation hyperfine fields of these compounds are 
studied as a function of the composition. 
7.2 Experimental 
The samples were prepared by weighing the elements Eu, Ce and Al in the 
appropriate quantities. These were then sealed in a Ta crucible, heated to 
1800-1900 K, and subsequently cooled slowly, all under ultrahigh vacuum 
conditions . The lattice constants were measured by X-ray powder diffraction. 
Mössbauer absorbers were prepared mixing the powdered intermetallics with 
powdered boron nitride. Six samples of Ce Eu Al were made with χ = 0.05, r
 1-х χ 2 
χ = 0.1, χ = 0.4, χ = 0.6, χ = 0.8 and χ = 1.0, having effective thicknesses 
between 1 and 15. 
A number of measurements have been performed on these samples at 
temperatures ranging from 0.4 to 45 K. The spectrometer and temperature 
control unit have been described earlier12 and the detection method and 
some characteristic features of •'•'Eu Mössbauer spectroscopy are discussed 
in section 3.3. 
The spectra are fitted with the transmission integral method, which 
also takes into account saturation effects. The source linewidth is assumed 
to have the value of the natural linewidth. The fitting procedures of 
spectra of samples with χ < 1 are very time consuming, due to the presence 
of more spectral components. Moreover, these spectra have broader linewidths. 
The isomer shifts of the spectra are given with respect to the SmF3 source, 
having a shift of +0.05 mm/s with respect to EUF3 1 3. 
7.3 Results 
Examples of measured (*) and fitted (°) spectra are given in figures 
7.1, 7.5 and 7.6. The fitting parameters are collected in table 7.1 (isomer 
The samples were prepared in the laboratory of Dr. P. Schmidt of Bell 
Laboratories, Murray Hill, N.J. 07974, U.S.A. 
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Table 7.1 Fitting parameters of Mössbauer spectra of Ce Eu Al . All parameters indicated with (fi are 
fixed in the fitting procedure. 'The peak intensities (t ) and the recoil free fractions (In f) 
are scaled arbitrarily. 
T(K) 
(±0 1) 
6 2 
7 7 
8 4 
Il 5 
18 6 
20 0 
22 0 
24 U 
гь 0 
¿7 0 
27 ü 
I I P ' 
30 0 * 
Τ (К) 
(•0 I) 
4 4 
30 3 
33 2 
36 9 
39 3 
41 0 
47 0 
44 J * 
B
,f 
(±0 
26 
26 
26 
25 
21 
19 
17 
14 
7 
1 
1 
0 
1 
(Τ) 
Oí) 
90 
59 
56 
47 
19 
β5 
53 
Ι» 
66 
30 
67 
97 
24 
»
e
ff ( T ) 
(±0 
25 
le 
16 
14 
12 
9 
2 
0 
05) 
15 
09 
60 
63 
51 
83 
19 
Η 
IS(non/s) 
UB 
-8 
-8 
-8 
-8 
-β 
-β 
-β 
-8 
8 
-8 
-8 
-8 
-8 
OS) 
51 
56 
52 
50 
47 
50 
46 
50 
59 
70 
64 
69 
61 
χ 
IS(am/b) 
(•0 
-β 
-8 
-7 
-Β 
7 
-8 
-9 
-Β 
2) 
23 
22 
91 
24 
«2 
24 
48 
31 
= 1 
Ι (um/s) 
(10 05) 
1 17 
1 26 
I 15 
I IS 
1 21 
1 21 
1 48 
1 70 
2 00(f) 
2 00(f) 
2 00(f) 
2 00(f) 
1 74 
- 0 4 
r
a
(om/s) 
(±0 1) 
1 48 
1 70 
2 49 
2 55 
2 36 
2 49 
3 07 
2 19 
t 
(»0 002) 
0 060 
0 060 
0 059 
0 059 
0 058 
0 057 
0 058 
0 058 
0 055 
0 032 
0 031 
0 029 
0 029 
с 
a 
(tO 002) 
0 039 
0 018 
0 016 
0 012 
0 009 
0 007 
0 006 
0 003 
In f* 
(±0 05) 
-2 
2 
-2 
2 
-2 
-2 
-2 
-2 
-1 
-2 
-2 
-2 
-2 
In 
(±0 
-2 
-2 
-3 
-3 
-1 
-3 
-3 
-4 
24 
19 
27 
25 
25 
27 
11 
01 
94 
49 
52 
58 
69 
t 
01) 
12 
82 
01 
28 
63 
83 
82 
71 
T(K) 
(»0 1) 
ч 2 
15 4 
15 9 
16 9 
17 3 
23 0 
30 0 
32 5 
35 0 
J7 5 
40 0 
43 0* 
45 0* 
TOO 
(±0 1) 
1 2 
4 2 
6 0 
8 1 * 
10 0« 
B
.ff(T> 
(±0 
27 
24 
23 
23 
23 
20 
13 
11 
9 
4 
0 
0 
0 
05) 
11 
22 
87 
53 
45 
16 
67 
49 
51 
47 
00 
10 
00 
B e f f m 
(АО 
18 
6 
1 
1 
0 
2) 
60 
02 
71 
21 
X 
ISlnWs) 
(10 
-8 
-8 
-8 
-8 
-8 
-8 
-8 
-8 
-8 
-8 
-8 
-8 
-8 
05) 
45 
48 
38 
38 
42 
43 
17 
23 
23 
76 
56 
47 
56 
x 
IS(iWs) 
(iO 
-7 
-8 
-8 
-8 
-8 
3) 
/5 
19 
2. 
22 
20 
• 0 8 
Γ (om/s) 
(±0 05) 
2 06 
2 28 
I 93 
2 27 
1 99 
2 87 
3 40(f) 
3 4i(f) 
1 50(f) 
1 75(f) 
4 01 
3 88 
4 15 
0 1 
- (mm/s) 
а 
(±0 1) 
1 6 
1 80(f) 
1 80(<) 
1 80(1) 
1 73 
L 
(»0 002) 
0 049 
0 049 
0 046 
Ü 04/ 
0 (146 
0 047 
0 042 
0 042 
0 047 
0 036 
0 022 
0 020 
0 022 
с 
(*0 002) 
0 009 
0 009 
0 009 
0 009 
0 009 
In 
(±0 
-2 
1 
2 
-2 
-2 
-1 
-1 
-1 
-I 
-1 
-2 
-2 
-2 
In 
(±0 
-3 
-4 
-4 
-4 
-3 
f 
05) 
04 
96 
15 
00 
13 
81 
78 
77 
65 
85 
28 
41 
26 
f 
2) 
92 
12 
12 
12 
86 
Τ (К) 
(iO I) 
4 2 
28 7 
29 5 
10 3 
40 I 
42 1 
41 1 
44 3* 
45 5* 
T(K) 
UO 1) 
0 4 
1 2 
7 5 
3 2 
4 3* 
B
eff<-' 
(±0 05) 
26 81 
17 75 
15 81 
17 32 
4 41 
1 IB 
0 27 
0 05 
0 0 
B
c f f m 
(±0 5) 
16 52 
17 70 
8 42 
1 10 
0 
IS(mm/s) 
(•0 05) 
-8 37 
-8 31 
-8 39 
-8 26 
-8 39 
-8 69 
-8 61 
-8 52 
IS(nn/s) 
(±0 3) 
-6 70 
-7 54 
-8 13 
-B 01 
-7 81 
- 0.6 
" (mn/s) 
UO 1) 
1 78 
2 70 
2 90(f) 
2 95 
4 2B 
4 00(f) 
3 67 
3 25 
0 74 
- 0.05 
Г (пш/ь) 
(«0 1) 
2 40(f) 
2 40(f) 
2 40(f) 
2 40(f) 
2 38 
L 
(±0 002) 
0 049 
0 044 
0 042 
0 043 
0 028 
0 02э 
0 022 
0 020 
0 020 
с 
(+0 002) 
0 007 
0 007 
0 007 
0 006 
0 005 
In f 
(±0 05) 
-2 15 
-1 91 
-1 92 
-1 88 
-2 16 
-2 34 
-2 56 
-3 62 
In f 
(±0 2) 
-3 86 
-3 86 
-3 86 
-4 02 
-4 43 
*i„ f . i o l e . .
 s
) t
a
) 
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around and above T
o
, B c £ f and Г
д
 are strongly correlated. 
This is the cause of the residual В ,. „ t τ > Τ 
shift, effective field, absorber linewidth, relative peak intensity and 
relative recoil free fraction). Some isomer shift and relative recoil free 
fraction data are plotted in figures 7.3 and 7.4. 
The ordering temperatures, Τ , and the saturation magnetic hyperfine 
fields, В , are obtained from extrapolations of the effective field, Β „, 
sat erf 
to В
 f , = 0 and Τ = 0, respectively. The results are given in table 7.2. 
Some characteristic plots of В versus Τ are given in figure 7.2. 
Table 7.2 Ordering temperatures, Τ , and saturation magnetic hyperfine 
fields. В , , of Ce Eu Al . 
sat ' J 1-х χ 2 
Composition T0(K) 
χ <*0.1) 
1 
Ü.8 
0 .6 
0.4 
0 1 
0 .05 
2 7 . 2 
39 .5 
4 2 . 6 
42 .4 
8 . 0 
3 .3 
27 . U 
27 .2 
2 6 . 8 
2 5 . 2 
18.6 
17.7 
obtained from a fit to the B7 , BriUouin function 
7.3.1 EuAl2 (x = 1) 
A. Discussion 
Figure 7.1 shows the Mossbauer spectra of EuAl2. At 28 К the spectrum 
consists of a single line. Below 27 К a magnetically split spectrum evolves 
rapidly. The isomer shift at 6.2 К amounts to -8.51 ± 0.05 mm/s, confirming 
the divalent charge state of europium. В and Τ were derived from a fit 0
 sat о 
of the temperature-dependence of the effective field (figure 7.2) to the 
B7/2 Brillouin function: Τ = 27.2 ± 0.2 К and В = 27.0 ±0.1 T. / / z
 о sat 
The value of В is in excellent agreement with the value given by 
Nowik et al. 1 0. Mader and Wallace3 obtained two critical temperatures 
(T й 15 К and Τ' = 30 К) from their susceptibility measurements. However, 
the lowest of these, Τ , changes with small external fields and strikingly 
different χ values are obtained at Τ for various ЕиАІ2 samples. The 
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Figure 7.1 Mössbauer spectra of EuAl^. 
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Figure 7.2 The effective magnetic field on the Eu nucleus, В f.j,3as a 
function of temperature, T: 
a) for EuAl2 , b) for Се0,ьЕи0ш1>А12. 
The solid lines represent Brillouin fits to the data points. 
discontinuity in their susceptibility curves at 15 К is therefore probably 
due to impurities, or a spin realignment without a significant change of 
the internal field. The data obtained from our Mössbauer spectra give no 
indication for an ordering temperature at 15 K, and clearly indicate the 
significance of the higher ordering temperature. 
Other parameters obtained from the fits show remarkable anomalies near 
Τ . Figures 7.3 and 7.4 give the temperature-dependence of the isomer shift, 
IS, and the logarithm of the relative recoil free fraction, In f, respectively. 
A smooth curve through the data of In f as a function of Τ is asymmetric. 
At about eight degrees below Τ In f increases and then decreases rapidly 
above Τ . The variation of the isomer shift with temperature appears to be 
о 
more symmetric, with the largest deviation at Τ . 
Anomalies of the isomer shift at magnetic phase transitions may have 
several causes, none of which appear satisfactory. Firstly, the onset of 
magnetic ordering may cause changes in the mean square velocity < v 2 > of 
the Mössbauer atom, thus changing IS via the second order Doppler shift. 
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Figure 7. è The isoner shift, IS, as a function of temperature, 7, for 
EuAl2 (*), Се0^Еи0 с,А12 (°), and Се0-ЬЕи0-^А12 (* ) • The insert 
gives some additional values at higher temperatures for 
Ce0. i+Äto. 6^2· -о values are indicated with arrows. 
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Figure 7.4 The relative recoil free fraction,In f,as a function of 
temperature for EuAl2 (χ), Ce0, 4£'и0. 6Л2-2 (°) ana' Се^^Еи^шцАІ2 (u). 
Relative f values were obvained by taking products of the total 
linewidth and the relative peak intensities. The solid lines 
represent the In f values for a solid with a Debije temperature 
of 400 K. The data for Се^^Еи^^А12 and c^Q.bEuQ.h^2 aTe 
represented as In f - 1 and In f - 2, respectively. 
TQ values are indicaved with arrows. 
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However, at these temperatures a change of 10% in < ν > only shifts IS by 
less than 10 mm/s, as contrasted with the observed shift of 0.22 mm/s. 
Secondly, a volume increase of the lattice offers a possible explanation. 
Taking a value of 20 a~3 l u for -(3p(0)/3ln V) , the variation of the 
electron charge density at the nucleus with the volume, the corresponding 
volume increase at Τ would be 1.2%. However, the change in the lattice 
parameter is proportional to the square magnetization6'7, so that the IS can 
not show a peak at Τ , due to volume effects. Finally, the IS can change as 
a result of a rearrangement of conduction electrons at magnetic ordering , 
but this change should be a function of the magnetization as well. The 
cause of the anomaly in the IS is therefore still an open question. 
In figure 7.4 In f is plotted. The plot indicates a decrease in the 
mean square displacement < x 2 >, which peaks at Τ . Equation (2.20) leads 
to the following relation between f and < x 2 >: 
Δ(1η f) = -Δ(< χ 2 > ) / * 2 , (7.1) 
in which λ is the wavelength of the gamma-photon. The change in In f at the 
ordering temperature corresponds with a difference in < χ > of about 
4 x 10 A 2, indicative of lattice hardening approaching Τ from the low 
temperature side. However, the drop in In f at Τ > Τ is larger than expected 
for materials with high Debije temperatures (Θ for ЕиАІ2 is about 400 K). 
Consequently lattice softening is observed for Τ > Τ . 
В. Conclusions 
In summary, EuAl2 orders antiferromagnetically, at 27.2 K, while the 
recoil free fraction data indicate hardening for Τ < Τ and softening for 
Τ > Τ . The isomer shift decreases with the temperature for Τ < Τ and 
о о 
increases with the temperature for Τ > Τ . This suggests that the anomalies 
in the recoil free fraction and the isomer shift are related. Shechter et 
al. 1 6 and Bukshpan et al. 1 7 have investigated RFe2 intermetallics and found 
a similar peak behaviour of In f and IS near Τ , which is interpreted by 
them by the effect of spin fluctuations on the phonon distribution. However, 
they found lattice softening at Τ . 
Lattice hardening is found also in GdAl2, where the elastic constants 
show an increase below the ordering temperature . It has been shown that 
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crystal field effects are not responsible for this increase, since no 
distortions of the cubic lattice have been reported for GdAl2 in the ordered 
phase, contrary to measurements on other RAI2 intermetallics ° (Gd and 
Eu have a 4f -configuration with L = 0). 
7.3.2 Ce Ειι
χ
Α1 (x = 0.05, 0.1, 0.4, 0.6 and 0.8) 
A. Discussion 
Figures 7.5 and 7.6 give spectra of Ceo . 6Eu0 .4^2 an<^ Ce0 . 95 E u0 . 05^12» 
respectively. The series of spectra in figure 7.5 is characteristic for the 
intermetallics with χ > 0.4, whereas the series in figure 7.6 is 
characteristic for χ < 0. 1 . The spectra for χ < 0.1 are fitted with one 
component, given by a hyperfine field and an isomer shift value, but the 
fits are in some cases poor. The spectra for χ > 0.4 are fitted to the sum 
of a hyperfine split spectrum and a single line spectrum, excluded the 
spectra at 4 K, for χ = 0.4 and 0.6, which could be fitted with one hyperfine 
split spectrum only. All spectra have broader linewidths than spectra of 
EuAl2, as might be expected for the ternary alloys. For the intermetallics 
with χ = 0.8, 0.6 and 0.4 the single line portion forms 11, 25 and 50% of 
the total spectrum, respectively. 
One possible reason for this last effect, phase segregation of ЕиАІ2 
and СеАІ2, is ruled out by X-ray powder diffraction experiments. Table 7.3 
Table ?'.3 X-ray powder diffraction data for EuAl-¿ and Се§ 6^"0. Ή^2· 
Reflections and corresponding angles. 
η 
1 
2 
3 
4 
3 
4 
3 
4 
5 
6 
к 
1 
2 
1 
0 
3 
2 
3 
4 
3 
2 
1 
1 
0 
1 
0 
1 
2 
3 
0 
1 
0 
E u A l , 
e(°) 
18.85 
31.11 
36.60 
-
48.77 
55.30 
56.95 
64.78 
66.13 
73.60 
Се
с
.бЕчз.і,АІ2 
0(°) 
19.11 
31 .41 
36.98 
44.95 
49.34 
55.80 
59.47 
65.38 
-
-
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Figure 7.6 Mössbauer speatra of Сед, gs-^O. 0 5^2· 
gives the data of powder diffraction spectra of ЕиАІ2 and Сед. 6 E u0 . i)Al2 
an example. The diffraction spectrum of Ce 0. 6
E u0 . h ^ - 2 i-s qualitatively 
comparable to that of ЕиАІ2· However, the angles are clearly shifted 
indicating a change of the lattice parameter. Therefore no evidence of s 
two phase behaviour is found. The lattice parameters for all measured 
intermetallics are plotted in figure 7.7. 
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Figure 7.7 Lattice parameters of 
Ce, Eu Al. (cub 1-х χ 2 
phase structure) 
 ic Laves-
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С.еАІ2 »χ EuAL·? 
Local environmental magnetic effects are a more likely explanation for 
the presence of a second spectral component. First, the spectra have broad 
lines, indicating a distribution of hyperfine fields. This is caused by the 
Ce3+-ions, which reduce the effective field at the Eu2+-ions. The influence 
of the number of neighbouring Ce3+-ions is demonstrated in figure 7.8, 
C e 1 - x E u x A l 2 ^ -
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x
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x
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-X 
Figure 7.8 Saturation magnetic hyperfine fields, В , of Ce Eu Al as a 
SCLu l CC CC 2 
function of the composition, χ (·). Also indicated are values 
for the system Yb Eu Al (*} and for LaQ-35Eu0.05Al2 (°) 1 0 . 
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giving a plot of the saturation hyperfine field versus χ (table 7.2). The 
presence of a single line component in some of the spectra, means tnat in 
addition also rapid electron spin relaxation must take place, so that the 
effective hyperfine field can even be reduced to zero. Since the portion of 
the single line spectrum increases linearly with the Ce concentration, the 
relaxation behaviour seems related to the number of Ce neighbours. 
The isoner shift 
The isomer shift, IS, of the magnetically split component could be 
determined accurately for χ > 0.6. For χ < 0.4 the poorer statistics and 
the complexity of the spectra result in less accurate values. The IS values 
of all samples at about 4 К are collected in table 7.4, together with the 
lattice parameters. 
X 
1 
0.8 
0.6 
0.4 
0.1 
0.05 
IS(mm/O 
-8 .51(5) 
-8 .45(5) 
-8 .37(5) 
- 8 . 2 ( 2 ) 
- 8 . 2 ( 2 ) 
- 7 . 8 ( 2 ) 
a (A) 
8. 120 
8.088 
8.068 
8.058 
8.052 
8.052 
with respect to SmF3 
The change in IS is consistent with the overall compression of the 
lattice by substitution of europium by cerium. From a plot of the IS values 
versus the volume of the cubic unit cell (figure 7.9) a value of 20 a is 
found for the volume coefficient, -(9p(0)/3ln V) , for χ > 0.6, which 
compares well to values found for other Eu compounds: 19 ± 3 a - 3 for Eu, 
21 ± 2 a - 3 for EuS and 14 ± 2 a - 3 for EuO 1 4. The anomalous behaviour of 
о о 
the IS near the ordering temperature, measured for E11AI2, is similarly found 
for χ > 0.6 in the ternary compounds. The values for χ < 0.4 have large 
uncertainties, prohibiting further conclusions (figure 7.3). 
Table 7.4 Isomer shifts, IS, and lattbce 
parameters, a , of Ce Eu Al . 
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Figure 7.9 Isomer shift, IS, at 
about 4 К as a function 
of the volume of the 
unit cell, V. 
520 530 
- (ДЭ) 
The recoil free fraction 
The In f values for χ = 0.8 are scattered over a wide range, and do not 
give any information. This may be related to the presence of a single line 
component in the Mössbauer spectrum, still at 4 K. For χ = 0.6 In f 
increases slightly towards Τ , but decreases for Τ > Τ , somewhat similar 
о о 
to the behaviour of ЕиАІ2· For χ = 0.4 In f is continuously decreasing 
(figure 7.4). The temperature-dependence is in this case indicative of a 
much lower Debije temperature, as compared to that of ЕиЛІ2· The 
uncertainties in the In f values for χ < 0.1 do not allow a detailed 
analysis. 
We may conclude that lattice hardening with a maximum at Τ still takes 
place for χ > 0.6, but vanishes at higher Ce concentrations (СеАІ2 shows 
lattice softening below the ordering temperature20). 
The effective magnetic field 
The effective magnetic fields belonging to the magnetically split 
spectral components are given in table 7.1. An example of a plot of В 
versus Τ is given in figure 7.2. Attempts were made to fit these data to the 
В . Brillouin function. The best fit was obtained for χ = 0.4 (figure 7.2). 
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One of the possible reasons for the poor fits is the presence of a 
distribution of hyperfine fields, rather than the coexistence of only two 
components, one with zero hyperfine field and the other with identical 
hyperfine fields on all nuclei. In all cases the saturation magnetic fields, 
В , and the ordering temperatures, Τ , were obtained via extrapolation of 
the В ,, versus Τ plots to Τ = 0 and В = 0 , respectively, 
eff r sat r J 
The ordering temperature and the saturation magnetic field 
Τ and В __ as a function of χ are displayed in figures 7.8 and 7.10, 
о sat r ' 
respectively. First Τ increases rapidly for 0.6 < χ < 1, which is in 
To(K) 
Figure 7.10 Ordering temperatures, Τ , of Ce Eu Al as a function of the 
composition, x. 
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contrast to previously reported values of Swift and Wallace2. Their published 
susceptibility data, however, do show structure at temperatures comparable 
to Τ . 
о 
В remains nearly constant in this range, which suggests a rapid 
sat 
increase in the interatomic exchange interaction, J, with increasing Ce 
concentration, since J is approximately proportional to Τ and inversely 
proportional to the square of the magnetization, M: 
J = Τ /M2 (7.2) 
The magnetization is assumed to be proportional to the measured hyperfine 
field. The change in J is consistent with the decrease of the lattice 
parameter. 
When the Eu lattice is further diluted, the magnetic ordering is 
destroyed and Τ shows a precipitious drop, which can be explained by the 
decrease of the magnetization at lower values of x. At very low Eu 
concentrations Τ approaches the value of Τ of СеАІ2· Croft and Levine8 
have observed an increase of Τ of CeAl·, when Th1*4" is substituted for Ce 3 + . 
о ^ 
They have attributed this behaviour to the increase of the magnetic moment 
of Ce 3 + with increasing conduction band electron population (n ). This idea 
is also consistent with the ideas put forth by Buschow and van Daal 2 1 on the 
basis of transport measurements. The initial decrease of Τ for low x, that 
о 
we observe upon substitution of Eu 2 + for Ce 3 + is consistent with the 
decrease of the Ce 3 + moment with decreasing η in СеАІ2, as is previously 
postulated by Croft and Levine . 
В decreases from about 27 Τ for χ = 0.6 to 17 Τ for χ = 0. The given 
sat 
В values may be about 10% too low due to lack of saturation. The hyperfine 
sat 10. field in metals is generally given by 
B. = B + В , + В = В + B , (7.3) 
hyp core cond η core s 
in which В is the contribution of the core of the nucleus (-34 Τ for 
_+ core _^  
E u 2 + ) , В , and В are contributions of conduction electrons, polarized by 
cond η r J 
the 4f-electrons of the Eu2+-ion itself or the 4f-electrons of neighbours, 
in "* · "*• 
respectively. Nowik et al. u assume В , independent of χ and В linear in 
χ for Yb Eu Al . From figure 7.8 we conclude that for Ce Eu ΑΙ. В , is 1-х χ г ° 1-х χ 2 cond 
not constant for all values of x, and consequently only values of В can be 
127 
RAI? 
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compared in similar systems. Table 7.5 gives magnitudes of В on the Eu 
nucleus in EuAl2, CeAl2, LaAl2 and YbAl2. The latter three are obtained by 
extrapolation of the В versus χ curves of the ternary alloys to zero Eu 
r
 sat 
concentration. 
Table 7.5 Contributions to the hyperfine field on the 
15
^Eu nucleus due to polarization of 
conduction electrons in some host rare 
earth intermetallics. 
The intermetallics with the divalent ions Eu 2 + and Yb 2 +, with two 
conduction electrons from the rare earth atoms, both have lower values for 
В than the intermetallics with Ce 3 + and La 3 + , in which the rare earth atoms 
s 
contribute three electrons to the conduction band. 
B. Conclusions 
The intermetallics with x > 0.6 all behave like EuAl2, showing lattice 
hardening for Τ < Τ and softening for Τ > Τ . Their ordering temperatures 
rise with decreasing x, which indicates an increasing exchange interaction, 
probably due to the smaller lattice parameters. 
For χ < 0.4 no anomalies in In f and IS could be detected. The ordering 
temperature drops steeply with decreasing χ and approaches the value of 
CeAl?. It is found that small Eu concentrations lower the Τ values of CeAl?. 
^ о ^ 
The hyperfine field on the Eu nucleus in these intermetallics is diminished 
by the presence of Ce neighbours, probably due to electron spin relaxation 
processes, which are faster for higher Ce concentrations. A similar 
concentration dependence of the hyperfine field on Sn in Eu Yb, Sn. is 
χ 1-х 3 
reported by Loewenhaupt . Finally, the contribution to the hyperfine field 
on the Eu nucleus from polarization of conduction electrons appears 
to increase with the number of conduction electrons per magnetic ion. 
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APPENDIX 
Conversions of non S.I. units 
Energy 
1 
1 
1 
eV 
К 
cm~l 
= 
= 
= 
1.6020 χ 10~ 1 9 J 
1.380 χ IO - 2 3 J 
1.9862 χ IO - 2 3 J 
Doppler velocities 
57 F e 
ISlEu 
129χ 
1 mm/s = 4.80766 χ 10~B eV = 7.7019 х Ю - 2 7 J 
1 mm/s = 7.1823 χ IO - 8 eV = 1.1506 χ IO - 2 6 J 
1 mm/s = 9.2631 x 10"и eV = 1.4839 х IO"26 J 
Bohr magneton 
1 μ„ = 9.2838 x IO - 2 4 J/T 
Length 
1 A = IO" 1 0 m 
1 a = 5.29 xlO x l m 
о 
Dosimetry 
1 Ci = 3.7 x IO 1 0 Bq 
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SAMENVATTING 
In dit proefschrift warden experimenten beschreven, waarin de elektron 
spin dynamika van enige ijzer(II)- en europium(II)-verbindingen bestudeerd 
wordt. Metingen werden gedaan met behulp van het Mössbauer effekt, een re-
sonantietechniek voor vaste stoffen, die gebruik maakt van gamma-straling, 
die vrijkomt bij een radioaktief vervalproces. Door de bron van gamma-
straling te bewegen wordt de energie van de straling door het Doppler effekt 
lineair met de snelheid van de bron verschoven, zodat absorptie van deze 
straling op kan treden in een te bestuderen preparaat. De ligging en ont-
aardingsgraad van de energieniveaus van de kern worden beïnvloed door wissel-
werking met de omliggende elektronen. De effekten zijn echter zeer gering, 
maar van dezelfde orde als de verschuiving door het Doppler effekt. Hierdoor 
moeten altijd gelijke kernen als bron en absorber worden gebruikt. 
Uit een Mössbauer spektrum, waarin men de intensiteit van de door het 
preparaat doorgelaten gamma-straling als funktie van de snelheid van de bron 
meet, kan men informatie verkrijgen over de elektrische ladingsverdeling 
rond de kern en het magneetveld ter plaatse van de kern. Ook de hardheid van 
het rooster, waarin de kern zich bevindt, kan bestudeerd worden. Het interne 
magneetveld op de kern wordt geïnduceerd door ongepaarde elektronen en wordt 
bepaald door de elektron golffunkties. Overgangen tussen elektronen energie-
niveaus maken dit magneetveld tijdsafhankelijk. In het algemeen zijn deze 
overgangen snel t.o.v. de karakteristieke tijd van het Mössbauer effekt, zo-
dat het interne veld wordt uitgemiddeld. Bij temperatuurverlaging kan de 
snelheid van deze overgangen, de relaxatiesnelheid, echter zo laag worden, 
dat de kern een netto magneetveld ondervindt. Ook kan spontane ordening op-
treden, waarbij door magnetische wisselwerkingen geen overgangen tussen 
elektronen energieniveaus mogelijk zijn. In beide gevallen wordt dit als een 
magnetische opsplitsing van het Mössbauer spektrum waargenomen. 
Om in de bovengenoemde systemen deze relaxatie- en ordeningsverschijn-
selen te kunnen bestuderen, werd eerst een Mössbauer opstelling ontwikkeld, 
geschikt voor metingen in externe magneetvelden tot 15 Τ van een Bitter 
magneet en temperaturen vanaf 4.2 K. Daarnaast werd ook een He-koelsysteem 
ontworpen, dat gebruikt kan worden in een 4He-badkryostaat. Hierin kunnen 
Mössbauer experimenten bij temperaturen tussen 0.4 en 1.2 К gedaan worden, 
in magneetvelden tot 6.5 T. 
In hoge externe magneetvelden werden Fe Mössbauer metingen gedaan aan 
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éénkristallijn ijzer(II)iodide dat beneden 9 К antiferromagnetisch geordend 
is. Bij een toenemend uitwendig veld ontstaan verschillende ferrimagnetische 
fasen en tenslotte de paramagnetische fase. Deze experimenten leidden tot de 
karakterisering van de intermediaire fasen en de bepaling van de parameters, 
die de magnetische wisselwerking tussen de Fe2+-ionen beschrijven. 
Metingen bij lage temperaturen in het 3He-koelsysteem, werden gedaan 
aan hexakis(pyridine-N-oxide)ijzer(II)perchloraat en aan een serie van 
ijzer(II)salicylaldimines. De eerste verbinding is antiferromagnetisch ge­
ordend beneden 0.7 K. De spektra, van ëénkristallijn en van poedervormig 
materiaal, gemeten boven de ordeningstemperatuur, vertonen relaxatiever-
schijnselen. Metingen aan deze verbinding, verdund met Zn -ionen, tonen de 
belangrijke rol van spin-spin interakties in het relaxatieproces aan. De 
interpretatie van de spektra leidt tot een gedetailleerd beeld van het 
elektronen energieniveauschema. 
De spektra van de serie ijzer(II)salicylaldimines laten een sterk ver-
schillend relaxatiegedrag zien voor verbindingen, die slechts een verschil-
lende alkyl-groep bezitten. Het onderzoek werd in dit geval bemoeilijkt door 
het ontbreken van éénkristallijn materiaal. Interpretatie van de gemeten 
spektra leidt tot een verklaring van het relaxatiegedrag vanuit het elek-
tronen energieniveauschema. 
Tenslotte werden ^'EU Mössbauer experimenten gedaan aan een serie 
europium-cerium-aluminium legeringen. Van deze legeringen, waarin de euro-
pium- en ceriumgehaltes steeds verschillend zijn, zijn de ordeningstempe-
raturen en verzadigingsmagneetvelden bepaald. In zuiver ЕиАІ2 treedt bij de 
ordeningstemperatuur een verharding van het rooster op. Substitutie van 
europium door cerium beïnvloedt dit effekt. Aanvankelijk leidt dit ook tot 
hogere ordeningstemperaturen, maar bij hogere ceriumkoncentraties blijkt het 
magnetisch moment van het Eu2+-ion gereduceerd te worden, hetgeen tot lagere 
ordeningstemperaturen leidt. 
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STELLINGEN 
I 
De konklusie van Takahashi en Iwahara, dat vaste oplossingen gebaseerd op 
LaAlC>3 en LaYÜ3 geleiding voor protonen vertonen, is voorbarig. 
Takahashi, T., Iwahara, H., Rev. Chim. Mineral j_7 (1980) 243. 
II 
Gezien de gebrekkige aanpak van het fasenprobleem gedurende verschillende 
stadia van de kristalstruktuurbepaling van rifamycine-S-iminomethylether, 
werd de struktuuropheldering nodeloos gekompliceerd. 
Arora, S.K., Acta Cryst. В 37 (1981) 152. 
Ill 
In supergeleiders buiten evenwicht treedt het verschijnsel op, dat de 
makroskopische relaxatie van de "gap" naar evenwicht één tot twee ordes 
van grootte langzamer is dan het mikroskopische mechanisme, waarop het 
proces is gebaseerd. Hierin weerspiegelen zich de kollektieve aspekten 
van het verschijnsel supergeleiding op een markante wijze. 
Schmid, Α., J. Phys. (Paris) Colloq. 39 (1978) C6-1360. 
IV 
Daar Fuhrmannetal. er niet in geslaagd zijn het lot van Co in 
warmtebehandeld CoTPP op aktieve kool te bepalen, moet hun konklusie, 
dat de verbeterde katalytische eigenschappen voor dit materiaal hun 
oorzaak vinden in de vorming van "speciaal geordende koolstof" 
gedurende de warmtebehandeling, als voorbarig beschouwd worden. 
Fuhrmann, Α., Wiesener, К., Iliev, I., Gamburzev, S., Kaisheva, Α., 
J. Power Sources 6 (1981) 69. 
ν 
In tegenstelling tot de bevindingen van Cavagna kan bij een adequate 
bereiding van het monster volstaan worden met het meten van 25.2 MHz 
1 3C NMR spektra, om het etheen-octeen copolymeer te identificeren. 
Cavagna, F., Macromolecules 14 (1981) 215. 
VI 
In vaste stof studies is het belangrijk om monsters allereerst op de 
aanwezigheid van één of meerdere afgescheiden fasen te onderzoeken. 
Uit de verschillen in de Mössbauer spektra van NiFe2-xAlx0it ferrieten, 
gemeten door Belov et al. en Bara et al. blijkt dat dit door de eerste 
auteurs niet is onderkend. 
Belov, V.F., Shipko, M.N., Khimich, Т.Д., Korovushkin, V.V., 
Korablin, L.K., Soviet Phys. Solid State J2 (1972) 1692. 
Вага, J.J., Pedziwiatr, A.T., Stadnik, Z.M., Szytula, Α., 
Todorovic, J., Tomkowicz, Ζ. , Zarek, W., 
Phys. Status Solidi A 44 (1977) 325. 
VII 
Het is aan te bevelen de definiëring van magnetische exchange wisselwerking 
parameters te standaardiseren volgens de methode van Tanaka en UryG. 
Tanaka, Y., UryG, N., J. Phys. Soc. Japan 40 (1976) 404. 
VIII 
Een koningin van een afgezwermd bijenvolk is door een natuurlijk 
selektieproces beter geschikt voor haar taak dan een koningin afkomstig 
van een redcel. 
Gijs Calis Nijmegen, 24 juni 1981 


